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ABSTRACT
Nitrification at the rice root was investigated. Nitrifiers were
found in the rice rhizoplane, rhizosphere and non-rhizosphere soils
under flooded conditions. They were greater in the rhizoplane than in
the rhizosphere soil and greatest at the heading stage of rice growth.
Ammonium-sulfate or NaNO^ injected into the flooded soils with growing
rice plants did not increase the activities of nitrifiers in the rice
rhizoplane. Incubation of the flooded soil with (NH^^SO^ or NaNC^
did not increase the activities of NH,+- or N0_ -oxidizers in soils4 2
without rice. The (NH^J^SO^ did not increase denitrifiers, but 
incubation with NaNO^ caused an early increase and subsequent decline.
Nitrifiers and denitrifiers in the rhizoplane of rice growing in 
the (NH^)2 S0^-and KNC^-treated soils in the closed system Increased 
with additional 0^ to the highest numbers at 15% additional 0^ and 
then decreased with additional However, in the closed system
where only limited concentrations of 0^ could be added, the nitrifiers 
and denitrifiers in the rice rhizoplane in both soils and in the 
(NH^^SO^-treated soil, respectively, decreased, whereas the 
denitrifiers in the KNC^-treated soil increased as 0^ in the system 
was increased.
In (NH^^SO^-amended soils the rates of nitrification and NH^ -N
loss increased within 28 days of incubation under aerobic conditions.
+ + —1 The disappearance of NH^ -N in soils with 50 mg NH^ -N kg soil
followed first-order kinetics whereas soils with 38 mg NH^+-N kg ^
followed zero-order kinetics. In the anaerobic conditions, reductions
of N0^ -N in both soils were rapid with 5 days of incubation and
xii
followed zero-order kinetics. Losses of NH^+-N began after small 
NH^ -N gains had occurred during the first days of anaerobic 
incubations.
Under aerobic conditions, NO^ -N concentrations were high in 
soils with applied NH^+-N or without rice plants, and low in soils 
without applied N or with rice plants. The NO^ -N concentrations in 
soils were highest at 14 days after transplanting and correlated 
positively with numbers of nitrifiers in the rice rhizoplane.




Nitrification occurs worldwide in terrestial, aquatic, and
sedimentary ecosystems. In natural ecosystems, N is transferred from
+ —animal and plant life to the inorganic NĤ , - and NO^ -pools. In each 
ecosystem, the major steps of N transfer among plants, microflora, and 
soil are the decomposition of organic materials with the subsequent 
release of NH^+-N, the assimilation of NH^+-N by microflora and plant 
life, and the nitrification of part of the NH^+-N. This is of 
paramount importance to primary productivity, to nutrient cycling, to 
waste disposal, and to the quality of water. Agronomic concerns have 
prompted most of the work on nitrification in soils. The critical 
role attributed to nitrification in soil fertility centers around the 
availability of N to plants. With the agronomic concern to deliver 
available N to the plant now heightened by demands for increased world 
food production and decreased energy expenditures, the need for much 
more detailed knowledge of nitrification is readily apparent.
Nitrification is the biological formation of NO^ -N or NC^ -N 
from compounds containing reduced N. The importance of nitrifying 
microorganisms rests on their capacity to produce NO^ -N, the major N 
source assimilated by plants. The obligately chemoautotrophic
bacteria are the dominant microbial species concerned with this
+  -  transformation. In the first step, NH^ -N is oxidized to NC^ -N by
+NH^ -oxidizing bacteria, the Nitrosomonas group. In the second step, 
NC> 2 -N is oxidized to NO^ -N by NC^ -oxidizing bacteria, the 
Nitrobacter group. In so far as the nitrification process in soil or
1
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aquatic ecosystem is concerned in this study, these two groups can be 
considered as the nitrifying bacteria.
Nitrifying bacteria have been found in the rice rhizosphere or 
around the root zone under flooded conditions by researchers at IRRI 
(1964). They speculated that the high root density of rice plants in 
flooded soils could increase the total area of the aerobic zone and 
create a favorable condition for nitrification. Rice is the only 
cereal crop capable of transporting large quantities of 0^ through the 
leaves and stem to the roots of the plant. Oxygen diffuses from the 
root into the surrounding anaerobic rhizosphere with the resulting 
oxidation of a thin zone around the root. This 0^ transport system 
which provides an aerobic environment for the root to carry on aerobic 
respiration, is undoubtedly one of the major factors enabling rice to 
survive in the C^-free environment of a submerged soil. The 
diffusing through the rice roots into the surrounding soil should 
affect all plant nutrients that can be either chemically or 
biologically oxidized. Ammonium-nitrogen in anaerobic soil adjacent 
to the oxidized rhizosphere can diffuse into the rhizosphere. There 
it may be microbially oxidized by the nitrifying bacteria to NO^ -N, 
Much of the NO^ -N thus produced in the aerobic soil in root zone is 
probably absorbed by the rice plants. However, because of its 
mobility, some NO^ -N could diffuse away from the root into the 
anaerobic soil zone and be denitrified to Nj and ^ 0  gases which would 
escape into the atmosphere, resulting in N loss from the plant-soil 
system. The net result would be a nitrification-denitrification 
system occurring in flooded soil.
The rates of plant assimilation of substrates (NH^+-N) and 
products of nitrification (NO^ -N) were affected by nitrification. 
Hence, nitrification has a direct effect upon the N nutrition of 
plants as it alters the availability of H obtained from the soil. The 
population of nitrifiers, Nitrosomonas and Nitrobacter, is quite small 
in many soils, i.e. fewer than 100 viable cells g  ̂ in acid soil; 
generally, the populations in excess of 10"* g  ̂ soil are rare in 
nonfertilized soils (Alexander, 1965). When the soil is treated with 
NH^+~fertilizer, however, the numbers of nitrifiers rise and may reach 
values in excess of 10^-, and occasionally 10^ cells g  ̂ soil 
(Alexander, 1965). Nitrification of NH^+-salts also results in the 
conversion of a slowly leached, cationic form to a readily leached, 
anionic form. Therefore, if NO^ -N generated from the NH^+-N not 
assimilated by the plant or immobilized by the microflora, it is 
susceptible to downward movement and/or reduction. Thus, N may in 
effect be lost to the plants following nitrification.
Generally, the rate of nitrification is closely correlated with 
the pH and the rate declines with increasing soil acidity, and varies 
with cropping practices, soil treatment and growing season of the 
year. The nitrifiers respond to the presence of plant roots, and the 
magnitude of the rhizosphere effect varies with the type of plant 
(Timonin and Thexton, 1950). The optimum percentage of C> 2 for rapid 
N0^_-N production in soil is similar to that found in air, and low or 
unnaturally high partial pressures of 0^ suppress the organisms. 
However, high rates of effective aeration are not required since both 
Nitrosomonas and Nitrobacter spp. require small amount of for the 
oxidation of one mole of their energy substrates (Alexander, 1965).
4
The nitrifying autotrophs respond readily to alteration in the 
soil moisture status. Generally, the greatest nitrifying activity is 
noted at about half to two-thirds of the soil's moisture holding 
capacity. Nitrate-N is not formed in soil nor is it produced at very 
low moisture levels, although the mineralization of N may proceed when 
water is present in the sub-optimal amounts, the net effect being a 
slow rise in the concentrations of NH^+-N. Nitrification is markedly 
affected by waterlogging, high water content invariably leads to a 
decline in NO^ -N production and to an increase in the denitrification 
process. However, nitrification can take place in the upper oxidized 
zone of flooded soils, and the NO^ -N thus produced is particularly 
subject to loss upon entry into the underlying reduced zone.
The objectives of this study were to determine to what extent the
nitrification takes place at the rice root, the rice rhizoplane, and
the rhizosphere and non-rhizosphere soil; the effects of additions of
N into the soil under flooded conditions; the effects of sources of N
added into the soil; the effects of varying concentration added
into the atmospheric environment around the rice plants; and the
effects of added NH.+-N on the nitrification at the rice root and in4
soils with and without growing rice plants under aerobic and anaerobic 
conditions.
LITERATURE REVIEW
Nitrification is the biological oxidation of NH^+-N to NO^ -N in 
a process in which NC^ -N is an intermediate in the conversion. The 
process is of importance from the agronomic viewpoint because the 
microbial formation of NO^ -N is the major means whereby plants are 
provided with this anion. Moreover, as a result of this 
transformation, the N is converted into a form readily lost from the 
soil by leaching or denitrification under anaerobic conditions. The 
oxidation is of great interest to this study because of the obligately 
chemoautotrophic metabolism of the dominant microbial species
concerned in the transformation of NH.+-N to N0_ -N.4 3
I. Nitrification in Soils
According to Alexander (1977), included under the definition of 
nitrification are all biochemical steps by which the N in the native 
soil organic matter, crop residues, or chemical fertilizers is 
converted to NO^ ~N or NC^ -N. However, there are some 
unsubstantiated reports that NO^ -N can be produced photochemically 
from organic compounds. Photo-oxidation of NH^+-N to NC> 2 -N in soils 
has been reported to be a surface phenomenon under the influence of 
sunlight (Rao and Dhar, 1931; Singh and Nair, 1939; Russell, 1973).
Nitrification (Hauck, 1972; Alexander, 1977) occupies a central 
position in soil N transformations, and it determines to a large 
extent the course of N fertilizer reactions. Nitrification has three 
general affects on the recovery of soil and fertilizer N by plants 
(Hauck, 1972). First, it affects the N nutrition of plants because
5
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the rates of plant uptake and plant use of the substrate and end 
product of nitrification, NH^+-N and NO^ -N respectively, are 
different. Second, it promotes movement of N because it converts a 
relatively immobile, cationic form, NH^+-N, to a mobile anionic form, 
NO^ -N. Third, nitrification results in the formation of oxidized 
forms of N that can be volatilized from the soil by microbial and 
chemical action, i.e. NC^ -N and NO^ -N by denitrification and NO^ -N 
by chemo- (nonenzymatic) denitrification.
Nitrification can also result in the reduction of N
-f _immobilization and NH^ -fixation (Hauck, 1972). However, both NO^ 
and NO^ions from the nitrification processes are susceptible to 
denitrification reactions and leaching losses (Porter, 1975). 
Therefore, if NO^ -N generated from the reduced N is not assimilated 
by the crop or immobilized by the microflora, it is susceptible to 
downward movement, and the N may thus be lost to plants following 
nitrification (Alexander, 1977). Appreciable N losses through 
leaching may thereby occur during periods of active NO^ -N formation 
(Greenland, 1958; Black, 1968; Russell, 1977). Hence, nitrification 
has a direct bearing on crop nutrition as it alters the availability 
of N obtained from the soil. In addition, nitrification may result in 
efficient crop use of N during some growth stages. Plant uptake and 
use of nutrient are related not only to the form of N, but also to the 
associated ion, concentration of other nutrient present, and plant 
factors such as age and presence of NO^ -reductase (McCants et al., 
1959; Hauck, 1972).
The possible disadvantages of nitrification are as follows 
(Hauck, 1972):
7
(a) promotion of N loss by bio- and chemo-denitrification, 
leaching, and run-off;
(b) seedling damage from accumulated NO^ -N;
{c) NO^ -N movement away from the crop root zone;
(d) increase in subsoil acidity following repeated applications 
of nitrifiable fertilizers; and
(e) NO^ -N accumulation in ground waters.
Nitrification takes place in two stages as a result of the
activity of chemoautotrophic bacteria of the genera Nitrosomonas 
(NH^+-N + NC^-N) and Nitrobacter (NO^ -N •> NO^ -N) . Both organisms 
are gram negative, aerobic, chemoautotrophic rods. These organisms 
have been isolated from their activities studied in a number of 
habitats. In addition to Nitrosomonas and Nitrobacter, other genera 
of chemoautotrophic nitrifying bacteria listed by Russell (1973), 
Buchanan and Gibbons (1974), Alexander (1977) are Nltrosococcus, 
Nitrosocystis, Nitrosospira, Nitrosolobus, Nltrosogloea, Nitrospina, 
and Nitrococcus. Only two species of nitrifying chemoautotrophs are 
common, NH^ -oxidizing Nitrosomonas europaea which is a motile rod, 
0.8-0.9 by 1.0-2.0 ym and NO^-oxidizing Nitrobacter winogradskyi 
which is a short, nonmotile rod, 0.8 by 1.0-2.0 ym.
According to Alexander (1965), the population of Nitrosomonas and 
Nitrobacter is quite small in many soils, particularly those which are 
acid, having fewer than 100 viable cells of one or both genera g * 
soil. Generally, the populations in excess of 10^ g  ̂ soil are rare 
in nonfertilized soils. However, the numbers may reach in excess of 
106 and, occasionally, 10^ cells g  ̂ soil when the soil is treated 
with manure or an NH^ -fertilizer. According to Russell (1973), NH^ -
8
and NC> 2 -oxidizers found in Broadbalk soil in England were a few 
thousand, varying from 360 to over 26,000, and a few hundred g * soil, 
respectively. In Rhodesian soils (Russell, 1973), NH^+-oxidizers 
found were from very few to about 30,000 g * soil in aerable and 
well-managed soils and were 100 g  ̂ soil or less in natural soils.
The number of NO^ -oxidizers was usually less than the number of 
NH^+-oxidizers, and only on occasions they rise over 10,000 g * soil. 
Barkworth and Bateson (1965) found that the number of NH^-oxidizers
in English Midlands' field soils sampled over a 27-month period was
6 7 _ i _
between 10 and 10 g soil, but the number of NO2  -oxidizers was
much more variable and only between one-tenth and one-hundredth as
numerous.
II. The Biochemistry of Nitrification
The nitrifying organisms obtain their energy from the oxidation 
of NH^+ and NO2  ions, according to the following biochemical 
reactions (Delwiche, 1970; Russell, 1973; Alexander, 1965, 1977).
(1) Ammonium-oxidation to NO2  -N:
NH4+ + 3 ^  02 * N02~ + H 2° + 2H+*
Under certain circumstances, the hydroxylamine which is probably
formed during nitrification inside the bacterial cells and is usually
+highly toxic may be oxidized as readily as NH^ -N itself:
nh2oh + o2 hno2 + h2o.
The organisms involved in NH4+-oxidation belong to the genus 
Nitrosomonas or related genera. The free energy yield (A G) in the 
oxidation of NH4+-N to NO2  -N has been reported to be -65.2 to -84.0 
Kcal per mole of NH^ ion. If hydroxylamine is the first product of
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+NH^ -oxidation, the change in free energy in this initial step is 
quite small, -0.70 Kcal per mole.
(2) Nitrite-oxidation to NO^ -N:
" V  + l/2 °2 * SV
The cellular metabolism and energy yielding reaction in this biology
is dehydrogenation, and the dehydrogenation characterizes NO^ -N
formation as well. The sequence of this step is thus visualized as
involving a hydrated NO^ molecule from which hydrogens (or electrons)
are removed to yield NO^ -N in a conversion not requiring 02. The
hydrogens (or electrons) are then passed to 0^ to give 1^0:
N02“ + H20 + H20.N02" + NO “ + 2H+
2H+ + l/2 02 + H20.
The organisms involved belong to the genus Nitrobacter or related
genera. The A G of the Nitrobacter reaction is reported to be -17.5
to -20.0 Kcal per mole (Gibbs and Schiff, 1960).
Combining these reactions in (1) and (2), we obtain:
NH,+ + 20o + NO,” + 2H+ + Ho0.4 2 3 2
This reaction involves an N valence change from -3 to the +5 oxidation 
state, a span involving 8 electrons. It takes two moles of 02 to 
oxidize each mole of NH^+ ion to NO^ ion. Stoichiometrically, these 
organisms require 4,57 g 02 g  ̂of NH^+-N oxidized; these reactions 
therefore potentially use large quantities of 02-
•fThe NH^ -oxidizer thus has potentially available to it 
considerably more energy than the N02 -oxidizer per unit of N 
undergoing reaction. Assuming similar efficiencies of utilizing the 
energy liberated for cell synthesis, many more Nitrosomonas than
Nitrobacter cells are formed per unit of NH^+ ion undergoing
nitrification in the soil.
According to Bosatta et al. (198L), it is necessary to evaluate
the activity and growth rate constants of nitrifying bacteria, under
various environmental conditions. Some of the kinetic rate equations
used are (1) Monod (Michaelis-Menten) equation of population dynamics,
(2) zero order, and (3) first order as follows:
d [S] 1 . d_G . .
dt Y dt L J
where S is the substrate (NH^+-N or NC> 2 -N) concentration, t is time,
G is biomass, and Y is the yield coefficient. Increase in growth is
described by:
d G __ yG r j -I
d t 1 J
where y, the specific growth rate, is obtained from:
y — Um . [ S] r . i
Ks + [S]
where ym is the maximum specific growth rate and Ks is the
half-saturation constant. However, it is well known that the yield
coefficient and the saturation constant are affected by temperature
and pH. The above three equations can be obtained by combining them
as following equation:
d [S] _ ym . G . [S] ...
dt Y . (Ks + [S]) 1 J
Another approach, which can be derived from the above combined
equation, assumes zero-order or first-order chemical kinetic models:
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where Ko and are respectively the zero- and first-order reaction 
rate constants. The decision on using whether zero- or first-order 
rate kinetics should, if possible, be based on a comparison of the 
actual N concentration and the saturation constant. Nitrification
•freactions, for example, whose rates are independent of NH^ -N 
(substrate) concentrations are considered to be zero order. For 
nitrification, a wide range of values of the saturation constant has 
been reported from less than 1 to greater than 50 yg g * N with an 
average value of approximately 10 ug g  ̂N. In some instances, the 
two-step nitrification is modelled as one step, i.e., oxidation of 
NH^+-N to NO^ -N (Bosatta et al., 1981).
A kinetics of NH^+- and NC^ -oxidation was studied by Ardakani et 
al. (1974) in a field plot in two phases.
(1) In the first phase, the soil was perfused with solution of
KNO^ and a rate constant for oxidation of NO2  -N to NO^ -N was
calculated in a steady state when the population of NC^ -oxidizing
organisms approached a stable level.
(2) In the second phase, a solution of NH^+-N was applied until 
a steady state was reached, whereas NH^+-oxidizing organisms 
approached a stable population density and soluble NH^+-N was 
equilibrated with its exchangeable form. Then rate constants for 
oxidation of NH^+-N to NO^ -N were calculated from the resulting
NOg -N concentration profiles.
They found that in the first phase the soil was enriched with 
NC> 2 -oxidizers. Total dissolved NC^ -N in the top 36 cm of the field 
plot seemed to decline linearly with time for over 2 weeks while the 
Nitrobacter population approached a stable level in the soil profile.
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Alter about 3 weeks, total NO^ -N in the soil solution remained 
constant and NC^ -N concentration profiles display a steady state of 
NC> 2 -oxidation in the top 5 cm of the soil. In the second phase, they 
found that the total soluble NO^ -N produced from oxidation of NH^+-N 
in the top 36 cm of the field plot seemed to increase almost linearly 
during the first 2 weeks of NH^+-application, and then somewhat 
fluctuated. The fluctuations may be attributed in part to 
fluctuations in numbers of NH^ -oxidizers; since the transport of 
NH^+-N in the soil was accompanied both by its biological oxidation to 
NO^-N and by adsorption by soil particles. However, with time, 
dissolved NH^+-N equilibrated with its exchangeable form, i.e., no 
further adsorption took place; micorbial oxidation predominated and 
NH^+-N disappeared.
III. Environmental Influences on Nitrification
Generally, the abundance of autotrophs declines with increasing 
soil acidity and increasing depth, and varies with cropping practices, 
soil treatment and season of the year (Wilson, 1928; Walker et al., 
1937; Eno and Ford, 1958). Nitrification does not take place in very 
acid soils, but there is no clear relation between soil pH and rate of 
nitrification (Russell, 1973). However, Walker and Wickramasinghe 
(1979) found that autotrophic NH^+-oxidizing Nitrosospira caused 
nitrification in situ in an acid soil pH (pH 4.1) in Sri Lanka and 
Bangladesh, They found from their isolations of autotrophic 
NH^+-oxidizing nitrifiers from acid soils (pH range, 4.0-4.5) from tea 
estates in Sri Lanka and Bangladesh that all the Bangladesh nitrifiers 
were Nitrosospira spp. but the Sri Lanka were Nitrosolobus spp., 
Nitrosospira spp., and one species of Nltrosovibrio.
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Nitrite-oxidizing nitrifiers were detected in several of the soils. 
Bhuiya and Walker (1977) detected autotrophic NH^+-oxidizing bacteria 
in several moderately acid (pH range from 5.0 to 6.2) soils from 
Bangladesh and Sri Lanka tea estates and isolated in pure culture 
various strains of Nitrosolobus, Nitrosomonas, and Nitrosospira.
Weber and Gainey (1962), however, had found the nitrification in acid 
soils added with (NH^^SO^ and incubated at 65% of water holding 
capacity in the dark at room temperature; N0^ -N continued to 
accumulate and the pH fell to about 4.0.
Morrill and Dawson (1967) found four different patterns of 
nitrification in the US soil related directly to soil reactions as 
follows:
(1) at pH 6.93 to 7.85, NH^+-N was oxidized readily to N0^ -N 
which accumulated for extended periods of time before being oxidized 
to N03“-N;
(2) at pH 5.01 to 6,38, NH^+-N and NC> 2 -N were oxidized readily 
to NO^ -N;
(3) at pH < 5.39, NH^+-N was oxidized slowly to NO^ -N without 
NC^-N appearing; and
(4) at pH < 5.39, accumulation of NH^+-N occurred with very 
little oxidation to NO^ -N and NO^ -N.
The populations of Nitrosomonas and Nitrobacter species were estimated 
and it was found that population and proliferation rates were 
responsible for the four different nitrification patterns.
Cornfield (1952) found, from soils in Great Britain, that NO^ -N 
accumulation occurred more rapidly in soil having a pH > 6.5. The 
accumulation of NH.+-N rather than N0„ -N occurred in acid soils
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suggesting that these soils contained fewer nitrifying bacteria in 
comparison with neutral and alkaline soils. Addition of CaCO^ 
increased the amount of mineral N released from acid soils during 
incubation but had little effect or no influence on neutral or 
alkaline soils.
Dancer et al. (1973) stated that soil pH did not effect rate of 
ammonification appreciably; however, it had a significant effect on 
nitrification rates. An increase in soil pH was associated with a 
decrease in the length of the delay period and the increase in the 
maximum rats of NO^ -N accumulation. The delay periods of longer 
duration were associated with increasing amount of added N in acid 
soils (pH 4.7 and 5.3), while shorter delay periods occurred at pH 
values of 6.0, 6.3 and 6.6 with increasing N levels. They found small 
amounts of NO^ -N accumulated during the first part of the incubation 
period at all pH levels, progressing from a low of about 4 mg NO2  -N 
kg  ̂ soil at pH 4.7 to a high of 10 mg NO2  -N kg  ̂ soil at pH 6.6.
Since nitrite-nltrogen seldom accumulates in acid soils 
(Cornfield, 1952; Weber and Gainey, 1962; Morrill and Dawson, 1967), 
NO2  -oxidizers are apparently more efficient than NH^ -oxidizers in 
acid soils, indicating that Nitrosomonas spp. limit nitrification 
rates in acid soils. In contrast, NO2  -N accumulates in neutral or 
alkaline soils (Duisberg and Buchrer, 1960; Morrill and Dawson, 1967), 
suggesting that Nitrobacter spp. limit nitrification in soils of high 
pH value.
Aleem and Alexander (1960) demonstrated that NH^+-N inhibited the 
Nitrobacter agilis as the culture media became alkaline. They 
suggested that nonionized NH^ was the causal agent. Certain strains
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Nitrobacter agilis were shown to be more sensitive than others, and 
the rate of nitrification in alkaline soils was dependent upon the 
level of exchangeable NH^ -N and the strain of Nitrobacter.
According to Day et al. (1978), ammonia from fertilizers can 
undergo biological oxidation in the soil solution. Organisms 
responsible for this reaction are mostly bacteria that can utilize CO^ 
as a carbon source, and that Nitrosomonas spp. are the almost 
exclusively examples of such "chemoautotroph". This oxidation 
requires 0^ and is optimal at about 30 C and at a slightly alkaline 
pH. The product, NC^-N, is formed along with the hydronium ions. 
Nitrite-nltrogen is in turn oxidized by autotrophic Nitrobacter 
provided that the pH is below about 9, otherwise it may accumulate as 
a substance toxic for plant root growth.
According to Blackmer and Bremner (1978), the ability of the 
soils to reduce ^ 0  to ^  depended very largely on their N0^ -N 
contents. They reported that low concentrations of NO^ -N delayed 
reduction of NjO to N2  by soil microorganisms and high concentrations 
of N0^ -N almost completely inhibited this process. However, the 
inhibitory effect of N0^ -N on ^ 0  reduction increased markely with a 
decrease in soil pH. These observations account for the finding in 
their previous work in the closed systems that the accumulation of ^ 0  
during denitrification of NO^ -N in soils is favored by high NO^ -N 
concentration and by low pH. Focht (1974) reported that pH, aeration, 
and temperature were the key factors affecting the relative amounts of 
N2 O and N2  produced through microbial reduction of NO^ -N in soils. 
Work of Blackmer and Bremner (1978) also showed that the 
concentrations of NO^ -N has a very important effect on the relative
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amounts of ^ 0  and produced through denitrification of NO^ -N in 
soils.
Frederick (1956), Sabey et al. (1956), and Alexander (1965) have
determined the quantitative relationships between temperature and
nitrification rates in soils under laboratory conditions. They found
that the formation of NO^ -N took place at all temperatures between 2
and 35 C when other factors were favorable. The rate of nitrification
increased with temperature with the greatest increase between 7 and
15 C. In Genesee silt loam (pH 7.7), NO^ -N was formed at rates of 2,
10, 45, 60, 90, and 120 mg kg  ̂week * at temperatures of 2, 7, 15.5,
+ -121, 27, and 35 C; respectively, until the added 200 mg NH^ -N kg
soil was oxidized. Other samples, in the Chalmers silty clay loam (pH
6.2) was intermediate; slowest rate of nitrification found in the
Clermont silt loam (pH 5.0) which had maximum rates of 0, 0, 25, 30,
and 15 mg NO^^N kg  ̂week * at the temperatures of 2 to 35 C given
above. A marked decrease in the rate of nitrification occurred as the
pH dropped below neutrality. Changes in pH brought about by adding
CaCO^ did not change the temperature range of nitrification in the
Clermont silt loam. Differences in temperature range existed between
the soils as well as differences in the rate of nitrification.
+Myers (1975) studied nitrification in an NH^ -amended tropical 
soil over a range of temperatures from 20 to 60 C. He found that 
nitrification rates at each temperature were constant throughout the 
28-day incubation. The optimum for nitrification was approximately 
35 C, exhibiting a sharp peak at this temperature at which the 
potential rate was 4.8 mg N kg  ̂ soil day compared with 0.5 mg N 
kg”  ̂soil day * at 20 C and 0.25 mg N kg * soil day  ̂at 60 C. The
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temperature responses could be described mathematically with functions 
of the type, l°ge N = k x 1/T.
The optimum temperature in both soil and in culture for 
nitrification typically falls somewhere between 30 and 35 C; rarely 
are there significant quantities of NO^ -N appearing above 40 C though 
there are occasional reports of NO^ -N formed at higher temperatures 
(Alexander, 1965). The minimum temperature as reported by Frederick 
(1956) at 2 C indicated that there does take place a slow but
4" —significant NH^ - and NC^ -oxidation at such a temperature.
Therefore, there is little reason to doubt that there may be slow 
nitrification at still lower temperatures. It is of interest, 
however, in this regard that the nitrification is more sensitive to 
low temperature than the mineralization sequence (Tyler et al., 1959).
Drying a soil tends to kill the nitrifying bacteria, and there is 
some evidence that the NC^ -oxidizers are more sensitive to desiccator 
than the NH^+-oxidizers (Russell, 1973). Nitrite-nitrogen sometimes 
accumulates in the soil for a number of days after the onset of rain 
(Russell, 1973). Generally, greatest nitrifying activity is noted at 
about half to two-thirds of the soil's moisture-holding capacity 
(Alexander, 1965). According to Fraps and Sterges (1932), nitrate- 
nitrogen is not formed in a very air-dried soil nor is it produced at 
very low moisture levels, although the mineralization of N may proceed 
when water is present in sub-optimum amounts. The net effect is a 
slow rise in the NH^+-N concentration. However, they found that the 
bacteria do, on the other hand, exhibit a surprising and as yet 
unaccountable resistance to desiccation, and a few of these organisms 
remain viable in the soil kept for 14 to 18 years in an air-dry state.
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However, Bremner (1956) reported that there is a slow drying out in 
time, and no residual activity in air-dry soils stored for 75 years 
though denitrification and mineralization did occur when these soil 
samples were brought to more favorable conditions.
In connection with the survival of nitrifying bacteria in air-dry
soil, Garbosky and Giambiagi (1962) reported that two-year soils dried
in air still contained sufficient bacteria to begin active
nitrification under favorable conditions. These nitrifying bacteria
have strong ability to resist against drought in desert soils
(Garbosky and Giambiagi, 1962; Alexander, 1965), eventhough they have
no spores or similar resistance forms; and the capacity to survive in
dry soil for many years of these organisms are very remarkable
(Garbosky and Giambiagi, 1962). Some desert soils receiving little
precipitation were found to have autotrophic nitrifying populations in 
3 -1excess of 10 cells g soil (Alexander, 1965). Garbosky and 
Giambiagi (1962) further noted that the survival of nitrifying 
bacteria was related to environmental factors and to level of mineral 
elements, i.e., Ca and K, in the soils. Phosphorus, Mg, and Ca did 
not influence the initial number nor the survival of nitrifying 
bacteria nor did the content or organic matter and organic N and pH of 
the soils.
Premi and Cornfield (1969) found the significant nitrification in 
a soil receiving the high concentration of organic matter from 
digested sewage sludge (supplying 57-457 kg NH^+-N ha * and 0.05-0.40 
percent dry matter). This soil was incubated for 8 weeks at 30 C.
They found that the nitrification was rapid when 114 kg NH^+-N ha * or 
less was applied, but with the higher levels of sludge there was a lag
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phase before nitrification commenced. The lower levels of sludge 
stimulated mineralization of soil organic-N whereas the highest level 
of sludge caused a temporary immobilization of NH^+-N.
IV. Nltrification-Denitrification Process
A. Nitrification and Denitrification under Aerobic Conditions.
According to Russell (1973), well-aerated soils may reduce NO^ -N 
to N^O (biological denitrification), particularly if they are well 
supplied with readily decomposable organic matter or if they can 
contain clods which have no free air when at field capacity, so that 
the soil within the clod will be anaerobic except for a surface film 
5-10 mm thick in which there is an 0£ gradient. Nitrification and 
denitrification can therefore take place simultaneously in the same 
soil when it is at field capacity (Arnold, 1954; Greenland, 1962).
The denitrlfIcation in apparently well-aerated soils, or in soils 
occasionally flooded, occurs only at microsites that are anaerobic 
because demand for respiration exceeds the supply (Galsworthy et al.,
1978). The anaerobic microsites could form within aggregates or 
columns of soil of uniform respiratory activity and structure (Currie, 
1961, 1962; Greenwood, 1962, 1963).
McKenney et al. (1980) found that the rates of ^ 0  emission from 
an agricultural soil applied with N-fertilizer was considerably 
variable in clay, but, less in sandy loam and more uniform. This 
variability observed may be the result of changing 0^ levels at 
microsites in the soil (Smith et al., 1978; Hutchinson and Mosier,
1979) where denitrification processes are assumed to occur (Russell, 
1973; Alexander, 1977). McKenney et al. (1980) also found the number
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of microsites is much greater In clay soil where aeration may be more 
restricted.
The frequencies of NO^ -N concentrations were high with the 
higher N-fertilizer additions (Focht and Stolzy, 1978). The high 
NO^ -N concentrations also lead to higher concentrations of N^O 
(Blackmer and Bremner, 1976). This is apparently due to the 
preference of NO^ -N to N^O as a terminal electron acceptor (Focht and 
Verstraete, 1977); NO^ -N then increased the rate of denitrification 
(Bowman and Focht, 1974; Donner et al,, 1974; Stanford et al., 1975b; 
Starr and Parlange, 1975; Kohl et al., 1976), and the production of 
^ 0  (Blackmer and Bremner, 1976; Bremner, 1978),
According to Frenney et al. (1978) and Hutchinson and Mosier
(1979), there was a strong correlation between ^ 0  flux (molecules ^ 0  
- 2  - 1cm s ) and rate of N-fertilizer (NH^NO^). It appears that the loss 
of fertilizer N as ^ 0  occurs soon after application and may persist 
for several months before the emission rates are reduced to 
"background". Weather conditions will have an influence; for example, 
increased moisture levels will increase rates of ^ 0  evolution. 
However, denitrification rates in some soils are apparently not 
increased by either NO^ -N or NC^ -N additions (Smith et al., 1978).
It is possible that the N^O produced, especially in the well-aerated 
sandy loam, may be from nitrification processes (Hutchinson and 
Mosier, 1979). There is laboratory evidence, however, to show that 
significant product of ^ 0  can be obtained by autotrophic 
nitrification (Bremner and Blackmer, 1978), and those reported from 
over well-aerated sandy loam lend some support to the suggestion that 
nitrification processes can contribute substantial amount of N2 O to
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the atmosphere. Smith and Chalk (1980a) found that the evolution of 
N^O, and NO + NO^ occurred during nitrification in soils treated 
with aqueous NH^; and the addition of the nitrification inhibitor, 
nitrapyrin, with the fertilizer prevented NO^ -N accumulation without 
preventing nitrification.
Denitrification is generally believed to occur in agricultural 
soils predominantly under saturated or near-saturated conditions 
(Focht and Verstraete, 1977). Soil denitrification rates have been 
reported to increase with added water or reduced aeration (Bremner and 
Shaw, 1958; Pilot and Patrick, 1972; Ardakani et al., 1977).
According to Burford et al. (1978), concentrations of ^ 0  were high 
only at high water contents. However, the detection of appreciable 
concentration of N^O in soil of high 0^ content clearly demonstrated 
that gaseous loss of N occurred in an apparently well-aerated soil. 
Similar associations between NjO, C^, and water contents of the soil 
have been observed in Australia and California (Burford et al., 1978).
Smith and Tiedje (1979b) have reported that denitrifying enzymes 
are present even in very dry soils. According to Payne (1973), 
denitrifying enzymes are not constitutive; this implies that either 
denitrification can occur in anaerobic microsites of well-aerated 
soils or that denitrifying enzymes may persist in functional form in 
the presence of C^. The evolution of ^ 0  has also been observed from 
a Miami sandy loam at 18% water content in an aerobic atmosphere 
(Smith and Tiedje, 1979b). However, Bremner and Blackmer (1978) have 
suggested that nitrification causes low rates of ^ 0  production in 
aerobic soils.
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Avnimelech (1971) and Avnimelch and Raveh (1974) reported their 
studies in Israel that by regulating the irrigation cycle, the length 
of time of the anoxic zone can be controlled to remove all of the 
NO^ -N (produced from mineralization of drained soils) by 
denitrification. However, they concluded that very little, if any, 
denitrification occurred below 60 cm in the soil profile. Gambrell et 
al. (1975) noted that the upper soil profile was too aerobic to affect 
denitrification. The NO^ -N concentrations and redox potentials did 
not diminish until well below the plant roots near the water table 
since there was sufficient organic matter at this depth to account for 
removal of NO^ -N through denitrification.
Lyon and Bizzel quoted by Alexander (1965) reported that soil 
samples taken from under alfalfa nitrified more readily than samples 
taken from the vicinity of the roots of timothy. Many investigators 
have found that the nitrifying organisms respond to the presence of 
plant roots, the magnitude of the rhizosphere effect varying with the 
type of plant (Timonin and Thexton, 1950). However, the rhizosphere 
effect, measured in terms of population size, did not seem to be to 
great (Katznelson, 1946). There often may be very slow nitrification 
under grass, and it has been suggested that grass roots may contain a 
substance toxic to nitrifiers (Theron, 1951; Stlven, 1952). When the 
crop is well established, the crop could excrete substances into the 
soil which inhibited or slowed down the rate of nitrification and this 
has been postulated for grass roots (Russell, 1973).
Moore and Waid (1971) introduced the washings of actively- 
growing- and intact-roots into soil samples that had been enriched
■fwith NH^ ion. They found that the root washings of all plants
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investigated (rye grass, wheat, salad pea, lettuce and onion) reduced 
the rate of nitrification. The rates of nitrification was not limited 
by supplies of NH^+ ion or other nutrients and there was no reduction 
of NO^ -N in the soil column. As neither microbial immobilization of 
inorganic N nor denitrification appeared to be taking place in the 
presence of root washings, it was concluded that root washings can in 
some way retard nitrification although no mechanism was demonstrated. 
However, growth and NO^ -N formation in cultures of Nitrosomonas were 
inhibited by washings obtained by placing roots of maize and lucerne 
in water.
According to Galsworthy et al, (1978), the substrates exuded from 
roots may cause a dramatic change in microbial activity within a 
volume of soil, especially as the growth of microbial population in 
the bulk soil may be limited by substrates for much of the time. This 
causes a stimulation to denitrification by the presence of plants, but 
a further point is that this stimulation is interdependent with other 
soil characteristics; it is most pronounced when the soil is at about 
field capacity (Stefanson and Greenland, 1970).
Stefanson (1972) reported that NO^ -N concentration might affect 
rhizosphere denitrification. He has directly measured denitrification 
products under realistic conditions of intact plants in soil under 
aerobic atmospheres. He observed consistent plant stimulation of 
denitrification only under certain conditions, i.e., water contents 
near field capacity and N applied as NO^ -N rather than NH^+-N. The 
evidence has been presented by various investigators that the 
potential for denitrification is greater in the rhizosphere. However, 
Smith and Tiedje (1979a) reported that denitrification can be reduced
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in the presence of plant roots. This potential will result in 
increases in the actual denitrification rate only at high NO^ -N 
concentrations. When NO^ -N supply is limiting, denitrification can 
actually be reduced in the rhizosphere.
Bailey (1976) noted that the rate of denitrification, both in 
terms of NO^ -reduction and gaseous-N production, was more rapid in 
soil system containing a root than in the fallowed system. 
Qualitatively, N-gases (N^, N^O, and NO) were produced by both 
systems. He further stated that the root initially absorbed a portion 
of the added NO^ ~N; however, with time the NO^ -N concentration of 
the root decreased to zero.
Bailey (1976) further noted that the amount of NO^ -N taken by 
the root and the rate at which the NO^ -N content of the root 
decreased was great at the high temperatures. Decreasing temperature 
decreased the rate of denitrification, both in terms of NO^ -reduction 
and gaseous-N production; at 5 C, denitrification was completely 
inhibited.
B. Nitrification and Denitrifictlon under Anaerobic Conditions.
The simultaneous reactions of nitrification-denitrification occur 
in flooded soil where both aerobic and anaerobic zones exist. This 
would be the case in a flooded soil containing an aerobic surface 
layer over an anaerobic layer or in the aerobic root rhizosphere of a 
swamp plant growing in an anaerobic soil. Patrick et al. (1976) 
illustrated the nitrification-denitrification reactions as the 
following equation:
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24 NH.+ + 48 0„ -► 24 NO " + 24 Ho0 + 48 H+4 2 3 2
24 HO " + 5C6H1206 + 24 H+ -► 12 N2 + 30 C02 + 42 H20
24 NH4+ + 5C6H1206 + 48 02 -*■ 12 N2 + 30 C02 + 66H20 + 24 H+.
The nitrification reaction occurs in the aerobic zone and 
denitrification reaction occurs in the anaerobic zone. These 
reactions involve both oxidation (nitrification) and reduction 
(denitrification). Four moles of 02 are required to react with 2 
moles of NH4+ ion to produce one mole of N2 gas. The N03""-N is an 
intermediate product in the reaction and does not appear in the final 
reaction (a combined reaction of nitrification-denitrification 
reactions).
The Monod kinetics approach may consist of single or double 
Michaelis-Menten kinetic modeling as shown by the following equations, 
7 and 8, respectively (Bosatta et al., 1981):
d (N03) = Kd . (N03) [?]
dt X  + <B°3>
d (N03) = Kc . (N03) (Soluble Org. C) ^
dt "llOj * (B03> KSol.C * (S°luble 0rs' C)
where Kd and Kc respectively are the maximum denitrification rate, and
K „ and K , „ respectively are the half-saturation constant. Both N03 sol.C * 3
equations (single and double equations) may be extended to include 
biomass population and the specific growth rate (Bosatta et al.,
1981).
According to Reddy et al. (1978), the disappearance of added and 
native N03 -N and its conversion to N2 and N20 followed apparent 
zero-order reaction kinetics when all the N03 -N was present in the
26
soil layer with no excess floodwater. When added NO^ -N was present 
in both the floodwater and the soil layer, NO^_-N disappearance 
followed apparent first-order reaction kinetics. A decrease in NO^ -N 
concentration in the soil layer caused NO^ -N in the flooded water to 
diffuse from the overlying floodwater and denitrification, NO^ -N 
disappearance appeared to be a first-order rather than a zero-order 
reaction.
Stanford et al. (1975a) found that the denitrification rate was 
Independent of NO^ -N concentration if lower concentrations of NO^ -N 
(below 32 mg NO^-W l- )̂ were used and, however, substantially they 
found the reaciton to be first-order.
In the absence of denitrification, the NO^ -N concentration in
flooded soil would have remained at a constant maximum value equal to
the influent NH^+-N concentration at the greater soil depth (Erh et
al, , 1967; McLaren, 1969). Since the NO^~-N concentration was not
constant but decreased at greater soil depths, it is apparent that
denitrification was occurring, and further, the maximum NO^ -N
concentration did not reach the concentration of the influent NH.+-N4
because of denitrification (Starr et al., 1974). In this case, CO^ 
may be simultaneously produced by the denitrifiers and consumed by the 
nitrifiers for nitrification reaction in the soil atmosphere.
According to Patrick and Reddy (1976), the NH^+-N in a flooded 
soil exposed to 0 from the water column undergoes sequential 
nitrification and denitrification. This NH^+-N plays a very important 
role in these couple reactions; to be denitrified the NH^+-N must be 
nitrified first to yield NO^ -N as an electron acceptor for
■fdenitrifiers. The NH^ -N in a flooded soil undergoes nitrification in
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the aerobic layer; then the NO^ -N produced diffuses downward into the 
anaerobic layer where it is denitrified to and N^O. However, when 
0^ is absent or limiting, nitrification either does not occur or occur 
at a lower rate, resulting in a reduced amount of NO^ -N available for 
the denitrification process. Nitrate-nitrogen, whatsoever, derived 
from the NH^+-N in the aerobic layer appears as an intermediate 
product in the nitrification-denitrification reaction.
In flooded rice soils, NO^ -N formed or added at the top was 
reduced during translocation into lower layers (Patrick and Reddy, 
1976; Alexander, 1977). Dunigan and DeLaune (1977) found that the 
nitrifying bacteria, especially NH^+-oxidizers, were high at the soil 
surface of a flooded soil. They also found that the denitrifiers 
appeared to increase with increasing soil depth and this might be 
expected as would be rapidly depleted and the redox potential of 
the soil would be expected to decline with depth to a point where 
denitrification could become rapid under the flooded conditions,
A biological process of enzymatic denitrification accomplished by 
facultatively bacteria capable of using NO^ -N in place of 0^ as an 
electron acceptor reducing NO^ -N to gaseous end products such as 
molecular ^  or N^O is an important process in removing N from lakes, 
floodwaters, and flooded soils. Under anaerobic conditions with the 
presence of available organic substrate, the denitrifying organisms 
can use NO^ -N as an electron acceptor during respiration. In recent 
review Focht and Verstraete (1977) and Firestone (1982) compiled a 
list of genera involved in denitrification process. Some of these 
genera include: Acinetobacter, Agrobacterium, Alcaligenes,
Azospirillum, Bacillus, Corynebacterium, Flavobacterium,
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Gluconobacter, Halobacterium, Hyphomicroblum, Micrococcus, Moraxella, 
Paracoccus, Proplonibacterlum, Pseudomonas, Rhlzoblum, 
Rhodopseudomonas, Thiobacillus, Xanthomonas. When 02 is available, 
these organisms oxidize a simple carbohydrate substrate such as 
glucose leading to the formation of C02 and H^O:
C6 H12°6  + 6 0 2 *  6C02 + 6H2 °  ‘
In the absence of 02» but in the presence of NO^ -N, some
microorganisms are capable of a NO^ -respiration, using NO^ -N instead
of C> 2 as an electron acceptor, and convert NO^ -N to gas as shown
by the overall reaction as follows (Broadbent and Clark, 1965):
C,:h io0a + 4N0_ -»■ 6C0„ + 6Ho0 + 2N„.6 12 6 3 2 2 2
The reaction is irreversible in nature. The energy yield during 
NO^ -reduction is about 545 Real mole  ̂of glucose if NO^ -N is 
reduced to N^O and 570 Kcal mole  ̂if NO^ -N is reduced all the way to 
elemental gaseous N (Delwiche, 1970). The biochemical, reductive 
sequence is as follows (Babiuk and Paul, 1970; Jenkinson and Powlson, 
1976; Firestone, 1982):
(+5) (+3) (+2) (+1) (0)
N03" + N02" -> NO + N20 N2 .
An appreciable denitrification will occur in flooded soils if 
both 02 from the atmosphere and the NH^+-N from the flooded soil are 
available (Broadbent and Tusneem, 1971; Tusneem and Patrick, 1971; 
Patrick and Tusneem, 1972; Patrick and Gotoh, 1974). Although the N 
converted from NO^ -N to gaseous form in flooded systems is derrived 
from NH^ -N oxidized to NO^ -N in the aerobic layer, the amount of 
gaseous N produced usually greatly exceeds the amounts of NH^ -N and 
N03”-N present in the aerobic surface layer at any one time (Patrick
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and Reddy, 1976). Therefore, NH^+-N movement from the underlying 
anaerobic layer to the surface aerobic layer is apparently necessary 
to account for the large N-losses that occur in flooded systems.
Yoshida and Padre (1974) found that about one-third of NH^+-N 
added to a presubmerged soil was nitrified to NO^ -N in oxidized layer 
during a month of incubation. The nitrification was enhanced greatly 
after 15 days of Incubation even at low pH 5.4 or 4.0. They also 
found that the more NH^+-oxidizers, Nitrosomonas europaea, inoculated 
to the sterile submerged soil containing added (NH^^SO^, the more 
NH^+-N was oxidized to NO2  -N. The nitrification increased with time 
of incubation but the rate of nitrification is low after 6 days of 
incubation; this probably due to a drop in pH (Yoshida and Padre,
1974).
Investigators at IRRI (1964) found the presence of nitrifying 
bacteria around the rice root zone. The numbers of nitrifiers were 
also lower in the rhizosphere of rice plants grown in flooded soil 
than in non-flooded soil. It was speculated that the high root 
density of rice plants in flooded soil can increase the total area of 
the aerobic zone and creates a favorable condition for nitrification 
to occur.
Woldendorp et al. (1966) reported that the rice plants may 
promote the nitrification-denitrification sequence in a flooded soil 
by providing an aerobic environment at the root surface, often 
manifested by the deposition of ferric iron on the roots, where 
nitrification may occur. The NO^ -N thus produced would be 
immediately subject to denitrification as it moves away from the root 
surface into surrounding anaerobic environment. Woldendorp et al.
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(1966) and Woldendorp (1968) suggested that plant roots, with respect 
to the influence of growing plants on N-losses from flooded soil, 
stimulate denitrification in the rhizosphere by taking up 02 and 
secreting organic substances which can serve as hydrogen donors in 
NO^ -reduction. The significance of plant roots on denitrification 
has been reported by several other investigators (Stefanson, 1972; 
Garcia, 1975; Bailey, 1976; Volz et al., 1976; Sherr and Payne, 1978).
Garcia (1974, 1975) found that the presence of the roots of 
growing rice plants positively influence the rate of denitrification. 
He explained that there is little denitrification in unplanted soil. 
The growing plant roots then compete for and assimilate NO^ -N 
effectively, but later contribute nutrient exudates that enable the 
competing bacteria to begin to flourish. The positive effect of rice 
rhizosphere on denitrification has been confirmed by Raimbault et al. 
(1977).
Broadbent and Tusneem (1971) studied the effect of nitrification 
inhibitor to reduce N-losses in the presence of growing rice plants in 
a flooded soil. They applied (NH^^SO^ and (NH^^SO^ + N-serve 
nitrification inhibitor into planted and unplanted soils by both 
surface and incorporated applications. They found that rice plants 
were effective in decreasing N-losses from the system. Incorporation 
of the fertilizer resulted in slightly higher overall recoveries than 
surface application. The nitrification inhibitor, however, was 
ineffective in decreasing losses of N from the system.
Smith and Tiedje (1979a) studied the effects of plant roots on 
soil denitrification using short-term anaerobic assays for potential
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denitrifying activity. Their experimental results can be concluded as 
follows:
(1) The potential denitrifying activity decreased rapidly in the 
first few millimeters away from roots.
(2) When aeration, NO^ -N, and diffusion were not limiting, 
denitrification activity was greater in soil near the plant roots.
The results imply that the potential rate of denitrification may be 
greater in the rhizosphere, but the total amount of denitrification 
may be less, presumably because of plant uptake of NO^ -N.
(3) The greater percentage of gas evolved as was in the high 
NO^ -N concentration conditions. This could be interpreted that the 
presence of plants might also increase the percentage of ^ 0  by 
increasing the energy supply, thus increasing the demand for electron 
acceptor and driving the denitrification reactions towards more 
reduced products. Smith and Tiedje's studies indicated that the 
potential for denitrification is greater in the rhizosphere, and will 
result in increases in the actual denitrification rate only at high 
NO^ -N concentrations. When NO^ -N supply is limited, denitrification 
can actually be reduced in the rhizosphere.
C. Effects of Oxygen and Plant on Nitrification and 
Denitrification.
The kinetics model proposed by Focht (1974) indicated that 
aeration state of soils would influence the ^O/Ng ratio. Cady and 
Batholomew (1961) also reported that C> 2 status influenced the relative 
production of ^ 0  and N^. Long-term incubations of soil with large 
quantities of in closed systems were studied by Normick (1956) and 
Cady and Batholomew (1961). They reported that it was quite possible
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that the influence exerted by was indirect. The presence of 
different 0^ concentrations over 2- to 99-day incubation (first 
sampling time at 2 days) used could be expected to alter the 
composition of the microbial community, influence the concentration of 
NO^ -N available (if only through nitrification), and strongly 
influence the available C. The effect of C> 2 could result from a 
number of mechanisms including:
(1) competition as an electron acceptor;
(2) preferential inhibition of ^O-reductase;
(3) a general overall slowdown of the denitrification process, 
giving ^ 0  more time to diffuse away from the active site; and
(4) a combination of these or other with less direct influences. 
It is possible that much denitrification occurs in soils of mixed 
aeration status, 0^ may well be an important parameter influencing not 
only the rate of denitrification but the composition of the gas 
produced (Firestone et al., 1979).
Firestone et al. (1979) investigated the influence of NO^ -N,
NO2  -N, and Og concentrations on the biological production of ^ 0  
relative to ^  in soil using a short-term incubation to examine the 
influence of each parameter on the nitrification rate and ratio of 
products. They found the role of ^ 0  as a free, obligate intermediate 
of denitrification in soils. They also observed that the ^ 0  that 
diffuses freely from the site of active denitrification in soils means 
that any factor which produces a change in the relative rate of ^ 0  
reduction compared to the rate of ^ 0  production can alter the 
proportion of ^ 0  and ^ 0  resulting. The increase in concentration of 
N0^ -N and NC^ -N resulted in increased production of ^ 0  relative to
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Ng as the product of denitrification. The influence of NC^ -N was 
much stronger than that of NO^ -N, with low concentrations of NO^ -N 
causing ^ 0  to become a significant product of denitrification. This 
suggests that NO^ -N, not NO^ -N, may be the influential species. In 
determination of 0^ effect, they found that the increase of ^ 0  with 
increasing 0^ declined denitrification activity tremendously. The 
presence or even small quantities of strongly and directly affected 
the N^O/N^ ratio of denitrification. Therefore, additions of small 
quantities of (0.02 atm) caused a large decrease in denitrification 
activity and resulted in a significant increase in the ^ 0 / ^  ratio.
Misra et al. (1974a) found, from soil column under continuous 
culture, that maintaining 0^ at a level of 5% or more in the soil, 
accellerated the process of nitrification and depressed 
N0^ -reduction, while nitrification was totally inhibited in the 
absence of molecular 0^ or at an 0^ level of 0.5% In the gaseous 
phase.
According to Misra et al. (1974b), In the absence of 0^, N0^ -N 
acts as a substitute and aids in microbial respiration leading to the 
formation of gaseous end products (N and its volatile oxides). This 
process is known as dissimilatory N0^ -reduction or denitrification, 
while assimilation of N0^ -N to form protoplasmic constituents is 
termed as assimilatory N0^ -reduction or immobilization. If the 
quantification of N0^ -reduction by these two different mechanisms is 
done, the net loss of this solute Is due to a combination of both 
these processes. Rate of N0^ -reduction is a function of temperature 
and 0^ composition of air-filled pores in soil columns. An increase 
in temperature would result in almost the same degree of
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denitrification for NO^ -reduction irrespective of concentration in 
the soil air. At the higher temperature, both aerobic and anaerobic 
microbes get equally activated and NO^ -reduction involves both 
immobilization and denitrification at all 0^ compositions.
The denitrification was also a function of easily decomposable 
organic matter (Greenwood, 1962). Therefore, in the case of N applied 
to the soil under 20% 0^, a large portion of the readily utilizable 
organic matter was undoubtedly exhausted (Misra et al., 1974b).
Hence, the subsequent continuous N0^ -N application at a greater 
concentration was only slowly reduced compared with the initial 
application.
Broadbent and Tusneem (1971) determined losses of N from flooded
15soils added with (NH^i^SO^ containing N excess in the closed systems 
which the air inside was pumped out and replaced with pure 0^, a 
mixture of 30% pure 0^ and 70% Kr, and pure Kr. After incubation, 
they found that when 0£ was present in the atmosphere, some of the 
gas evolved was derived from the added source. The fact was that 
overall recovery of tracer N in the samples incubated in pure 0^ was 
less than in the other treatments. This suggests that additional 
may have been entrapped in the soil and consequently not measured in
the gas sample. Another possibility is that part of the tracer N was
present as ^ 0  dissolved in the soil solution. No tagged ^ 0  was 
detected in the gas samples, but since this gas was 40 times as 
soluble as N^ it might have been present in the soil and flood water
but below the limit of detection in the atmosphere above the soil.
Losses of N through nitrification-denitrification was further 
confirmed by the presence of N0^ -N in the samples incubated in O2 .
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In pure Kr, there was no NO^ -N and no loss of gas. The 
distribution of tagged N in various fractions in the clay soil sample 
after 24 days of incubation was illustrated as follows:
Composition of 
atmosphere NH.+-N 4 no3“-n
Organic + 
Clay-fixed N N2 Total
-1— mg kg -----
1 0 0 % o2 4.9 8.1 68.4 9.3 90.7
30% 02-70% Kr 13.7 0.4 81.6 1.2 96.9
100% Kr 13.3 0.2 83.9 0.2 97.6
Patrick et al. (1976) reported that the concentration of 
atmospheric over a flooded soil was a factor in determining the 
amount of N loss by denitrification. Large increases in N loss 
occurred from the first few increments of with little further loss 
occurring above 20% 03. The thickness of aerobic layer was also 
governed by the amount of 0^ in the air. Nitrogen loss was generally 
related to the thickness of the aerobic layer, eventhough appreciable 
less occurred at 5 and 10% O2  when the aerobic layer was relatively 
thin. A higher 0^ content resulted in a thickness of aerobic layer 
and slightly more NO^-N, but no additional N2  gas. The results of 
this study showed that NH^+-N in anaerobic soil or sediment exposed to 
atmospheric 03 underwent sequential nitrification and denitrification.
Smith and Tiedje (1979b) examined changes of denitrification rate 
following water saturation of soils in aerobic atmospheres. They 
found that rates were greatly increased by wetting but only after a 
lag of several hours. They interpreted them that following wetting of
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natural soil, anaerobic or partially anaerobic conditions were 
established by respiration and reduced diffusion rate. Although 
denitrifying enzymes are apparently present even in relatively dry 
soils, their activity is low until inhibition is eliminated. Smith 
and Tiedje (1979b) interpreted this evidence that most N could lose 
from soils during brief periods beginning a few hours after irrigation 
or rainfall, since available carbon as an organic substrate for the 
denitrification was also increased by wetting and drying cycles 
(Birch, 1958). Greater rate of mineralization was observed to follow 
subsequent losses of N with wetting and drying cycles in soils (Paul 
and Mayers, 1971; Reddy and Patrick, 1975).
A living root system has a quantitative Influence on nitrogen 
losses assumed to denitrification (Woldendorp, 1962). The stimulation 
effect of living roots on denitrification may be brought about by an 
increased C> 2 consumption in the soil by roots and rhizosphere 
organisms, by root excretion of organic substances serving as hydrogen 
donors in denitrification, or by a combination of both. Woldendorp 
(1962) also determined uptake by living and killed roots. He found 
that consumption with living roots appeared to be 20 times as fast 
as that with dead roots and an increased O2  consumption in the root 
region was also observed. It may therefore be assumed that the major 
influence of the living root system on denitrification depended on a 
reduction of the O2  tension in the soil solution near and on the root 
surface. This consumption, in addition to uptake by roots, is 
caused by rhizosphere organisms during the break down of root 
excretions. He also stated further that apart from stimulating the
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consumption in the rhizosphere, root excretions may function as a 
hydrogen donors in denitrification.
The effect of 0  ̂on growth of rice and the absorption of NO^ -N 
and NH^+-N by rice were studied by Patrick and Sturgis (1955). They 
reported that bubbling free 0^ through the soil and flood water caused 
an increase in growth of rice. The increased growth of rice obtained 
from the application of 0^ was restricted to its effect at the soil 
surface. This may be Increasing the movement of 0^ to the 
soil-water-interface will increase the 0^ supply available to rice 
plants without increasing the concentration to any appreciable 
depth for them. Since the rice plant is able to transport air to its 
roots, this creates the interface of the root-soil system which may be 
the important sites of nitrlfication-denitrificatlon reaction 
(Pactrick, 1982) and N fixation (Yoshida and Ancajas, 1971; Patrick,
1982). Sato (1952) reported that in the results of his experiments, 
that in water culture, the consumption of rice roots increased 
rapidly at the panicle initiation or internode-elongation stage and 
was greatest at the heading stage. While Mitsui and Tensho (1952) 
found that the reducing activity of rice roots, determined by 
reduction of N0^ -N to NO^ -N in water culture, began in the 
reproductive stage, reached its maximum during heading, and decreased 
thereafter. These results suggest that organic materials are supplied 
to the rhizosphere by the rice plant at latter stages of growth. The 
rhizosphere of lowland rice may be an Important site of N fixation if 
the rice plants are able to diffuse N or air to the root system.
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D . Nitrification-Chemo-denitrification Reaction.
Chemo-denitrlfication refers to the process also known as 
"sidetracking of nitrification" (Vine, 1962), whereby NO^ -N formed 
during nitrification is converted to gaseous N^, NC^, NO, and N^O. 
Several reactions may be involved, i.e., the formation and 
decomposition of NH^NC^, reaction of NO2  -N with phenolic constituents 
of soil organic matter, and self-decomposition of HNO2  (Galsworthy et 
al., 1978),
As denitrification is the biological reduction of NO^ -N and 
NC^-N to volatile gases (usually l^O and N2 ), there are other means 
by which microorganisms reduce NO^ -N and NC^ -N which they are 
involved a combination of chemical and biological reaction (Broadbent 
and Clark, 1965; Alexander, 1977). Pronounced losses of elemental 
nitrogen from soil in which NC> 2 -N have been accumulated following 
addition of NH^- or NH^ - releasing materials have been designated as 
chomo-denitrification (Broadbent and Clark, 1965).
The reactions of NC^ -N which lead to gaseous-N losses have been 
discussed by Smith and Chalk (1980a). It has generally been assumed 
or inferred that NO2  -N accumulation is a necessary prerequisite for 
chemo-denitrification (Meek and Mackenzie, 1965; Bundy and Bremner, 
1974). Soulides and Clark (1958) found a direct relationship between 
NO2  -N accumulation and the magnitude of the N-deficit. According to 
Nelson (1982), unexplained N losses have been observed by a number of 
investigators during studies of nitrification in soils. These losses 
of N have often been associated with accumulation of NO2  -N; and 
strong presumptive evidence that significant gaseous loss of 
fertilizer N can occur through chemical reaction of NC> 2 -N formed by
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nitrification of NH^ -N and NH^ -forming fertilizers in acidic or 
mildly acidic soils. Wagner and Smith (1958) and Steen and Stojanovic 
(1971) found that the period of rapid NO + NO^ evolution coincided 
with the period of maximum NO^ -N accumulation. However, results 
obtained in this study for some soil by Smith and Chalk (1980b) showed 
that substantial loss of Ng can occur without appreciable NO2  -N 
accumulation, and from their studies, the results suggest that 
gaseous-N losses can occur via chemical transformations of NO^ -N, 
when the competitive biological oxidation of NC^ -N by Nitrobacter is 
inhibited.
According to the review of Van Cleeraput et al. (1975), nitrate- 
reduction in flooded soils is almost exclusively biological, NC> 2 -N on 
the other hand can be reduced chemically at low pH values. Van 
Cleemput et al. (1976) noticed the significant production of NO under 
acid conditions both with and without the sterilant, suggesting the 
liklihood self-decomposition of HNO2  as a major mechanism of NO2  -N 
loss in flooded soil. However, in as much as chemo-denitrification 
can take place under fully aerobic conditions, this pathway of N loss 
has at times been signated as aerobic denitrification (Broadbent and 
Clark, 1965). This designation has also been applied to biological 
denitrification, a process which is basically anaerobic, and also it 
may occur in apparently well-aerated soil, it does so within an 
anaerobic microenvironment of the kind postulated to occur in 
well-aerated soils (Jansson and Clark, 1952; Greenland, 1962).
MATERIALS AND METHODS
Investigations were conducted in the laboratory and greenhouse of 
the Agronomy Department, Louisiana State University to study 
nitrification in the rice root and in the surrounding flooded soil. 
Crowley silt loam soil (Typic Albaqualf) taken from the Crowley Rice 
Experiment Station, and rice (Oryza sativa L.), Saturn cultivar, were 
used in these studies. Two Crowley soil samples taken at different 
times and locations were used in these investigations. Chemical 
composition and fertility levels of these soil samples, as determined 
by the LSU soil testing laboratory, are listed in Table 1.
Methods used in these investigations were as follows:
1. Nitrifying activities of both NH^ -oxidizers 
(Nitrosomonas)and NC^'-oxidizers (Nitrobacter) and denitrifying 
activities were determined by the Most-Probable-Number (MPN) method as 
outlined by Black et al. (1965).
+ —2. Nitrifiers' broths of both NH. -oxidizers and N0„ -oxidizers4 2
and denitrifiers' broth were prepared according to the methods 
outlined by Black et al. (1965).
3. Gram stains of the nitrifying bacteria were made accoridng to 
the methods outlined by Skerman (1967) and Larkin (1975).
4. Identification of Nitrosomonas or Nitrobacter bacteria was 
carried out as described by Buchanan and Gibbons (1974).
5. Nitrate-nitrogen was determined by the Phenoldisulfonic acid 
method as outlined by Black et al. (1965).
6. Ammonium-nitrogen was extracted with water and determined by 
Nessler's reagent as outlined by Balck et al. (1965),
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Table 1. Chemical composition and fertility levels of the Crowley silt loam soil samples.
Chemical composition and fertility levels
Chemical and fertility Sample No. 1 Sample No. 2
Extractable P 14 mg kg 1 7 mg kg 1
Extractable K 71 mg kg-1 52 mg kg 1
Extractable Ca 1,052 mg kg"1 1,321 mg kg-1
Extractable Mg 251 mg kg 1 259 mg kg 1
Soil reaction (pH) 5.9 6.6
Organic matter 0.96% 0.94%
Available NH.+-N^ 4 3.3 mg kg 1 3.6 mg kg”1
- 2 /Available NO^ -N— 113.1 mg kg-1 28.2 mg kg"1
—  Extracted with water and determined by Nessler’s reagent. 
2 /—  Determined by Phenoldisulfonic acid method.
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7. pH of soils was measured with a glass electrode attached to a 
Beckman-Zeromatic pH Meter-Model SS-3.
I. Experiments on the Existence of Nitrifying Bacteria in the Rice
Rhizoplane, Rhizosphere, and Non-Rhizosphere Soil under Flooded
Conditions.
Experiment no. 1 was conducted in pots in a greenhouse. The rice 
plants were grown in fertilized soil (76-54-54 kg of N-P20,.-K20 ha *) 
under flooded conditions. Rice roots, rhizosphere and non-rhizosphere 
soils were sampled to determine the presence of nitrifying bacteria 
when the rice plants were grown for 75 days after seeding. The rice 
roots taken from soils were immediately washed free of soil with tap 
water. The rice roots were then cut from the stems of the rice plants 
and divided into two parts, the upper part, upper rhizoplane and the 
lower part, lower rhizoplane. The upper rhizoplane was defined as 
from the middle part of the root up to the stem, and the lower 
rhizoplane as the part from the middle root down to the root tip.
Soils under the influence of the rice roots were taken and composited 
into a rhizosphere soil sample. Soils near the rice roots but not 
influenced by the rice roots were taken and composited into a 
non-rhizosphere soil sample. The non-rhizosphere soil was divided 
into two parts, the upper non-rhizosphere soil, from the surface soil 
to a 4-cm depth and the lower non-rhizosphere soil, deeper than 4 cm. 
All of the samples of upper roots, lower roots, rhizosphere soil, 
upper non-rhizosphere soil, and lower non-rhizosphere soil were shaken 
in sterile, distilled water. The presence of nitrifying bacteria in 
all samples was determined by transferring 0.5-ml aliquots of the 
dilution sample into each of six tubes containing 5 ml of nitrifiers'
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broth for either NH^+-oxidizers (Nitrosomonas) or NC^ -oxidizers
(Nitrobacter) medium. Inoculated tubes were incubated for 33 days at
28 C. At incubation periods of 12, 18, 26, and 33 days, an aliquot
from all tubes was tested for the presence of NH^+-oxidizers and
NO^ -oxidizers. The sampled aliquots were tested for the presence of
NC> 2 -N to determine the presence of Nitrosomonas or for the
disappearance of NO^ -N to determine the presence of Nitrobacter using
the Griess-Ilosvay reagent (Black et al., 1965). Positive results for
NH,+-oxidizers or N0« -oxidizers at each incubation in the broths were 4 2
recorded. Soil sample no. 1 was used in this study.
Experiment no. 2 was conducted in pots in a greenhouse. Rice 
plants were grown in fertilized (76-54-54 kg of N-P2 0 ^-K2 0  ha *) soils 
under flooded conditions. Rice roots and rhizosphere soil were 
sampled to determine the activities of the nitrifying bacteria. The 
rice roots taken from the soils were immediately washed free of soil 
with tap water and used to determine the nitrifying activities in the 
rice rhizoplane. Soils under the influence of the rice roots were 
taken and composited into a rhizosphere soil sample. All of the 
samples of rice roots and rhizosphere soil were shaken in sterile, 
distilled water. The activities of nitrifying bacteria were
determined by the MPN method (Black et al., 1965). The numbers of
NH^+-oxidizers and NC^ -oxidizers in the rice rhizoplane and 
rhizosphere soil were recorded. Soil sample no. 1 was used in this 
study.
Experiment no. 3 was conducted in pots under laboratory
conditions. Rice plants were grown in soils under flooded conditions.
Rice roots were sampled to determine the presence of nitrifying and
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denitrifying bacteria in the rhizoplane at between 1 0  and 2 1  days
after planting. All of the samples of rice roots were immediately
washed free of soil with tap water and cut from the stems of the rice
plants. The roots were extracted with sterile, distilled water. The
—2 —8dilution series of the root samples were made from 1 0  to 1 0
according to the methods as described by Black et al. (1965).
Aliquots were transferred from all dilutions to test tubes containing 
nitrifiers' or denitrifiers1 broth. Inoculated tubes were incubated 
at 28 C for 7 and 30 days for determinations of the denitrifiers and 
nitrifiers, respectively. After 7 days of incubation, the presence of 
denitrifiers was observed in all tubes from the active gasing and from 
changing the culture tube color from green to blue (Black et al.
1965). After 30 days of incubation, the presence of NC^ -N was used
for the presence of Nitrosomonas and the disappearance of NO^ -N was
used for the presence of Nitrobacter using the Griess-Ilosvay reagent 
(Black et al., 1965). Positive results for the presence of nitrifiers 
or denitrifiers were recorded. Soil sample no. 1 was used in this 
study,
II. Determinations of Nitrifying Bacteria in the Rice Rhizoplane and 
in Non-Rhizosphere Soil at Different Growth Stages of Rice 
Growing under Flooded Conditions.
Experimental determinations of nitrifying bacteria in the rice
rhizoplane and in non-rhizosphere soil at different growth stages of
rice growing under flooded conditions were conducted in pots in a
greenhouse. Rice plants were grown in fertilized (45-45-45 kg of
N-P„0r-Ko0 ha )̂ and nonfertilized soils under flooded conditions,2 5 L
Rice roots and non-rhizosphere soils were sampled to determine the
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presence of nitrifying bacteria when the rice plants were at the 
heading stage (111 days after seeding) and the harvesting stage (134 
days after seeding). The roots of rice grown in both soils were 
washed free of soil with tap water and cut from the stems of the rice 
plants. All of the samples of rice roots and non-rhizosphere soils 
were extracted with sterile, distilled water. The nitrifying bacteria 
in all samples were determined by the MPN method (Black et al., 1965). 
The pH (soil:water = 1:1) values of the non-rhizosphere soils, 
fertilized and nonfertilized, were measured at the active heading 
stage of the rice plants. A randomized complete block design was 
used. Soil sample no. 1 was used in this study.
HI. Effects of Ammonium Sulfate and Sodium Nitrite Injected into
Soils with Growing Rice Plants on Nitrification in the Rice
Rhizoplane and Soils under Flooded Conditions.
A pot experiment was conducted in the greenhouse to determine the 
effects of (NH^^SO^ and NaNO^ injected into soils with growing rice 
plants on nitrification in the rice rhizoplane and soils under flooded 
conditions. Rice plants were grown in soils under flooded conditions. 
An adequate amount of (NH^^SO^ or NaNC^ solution to bring the soils 
in each pot to 50 mg NĤ .+-N or NO2  -N kg * soil was injected into the 
rhizosphere soils 2 0  days after transplanting 1 0 -day old rice seedling 
into the soil under flooded conditions. The control was treated the 
same way except that an equal volume of distilled water was injected 
into the rice rhizosphere soils instead. At 1, 10, and 20 days after 
the injections, the rice roots and the non-rhizosphere soils were 
sampled to determine the presence of nitrifying bacteria. The rice 
roots were immediately washed free of soil with tap water and cut from
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the steins of the rice plants. The roots of rice grown in the soils 
with injected (NH^^SO^ and NaNO^ and the Control soil were used to 
determine the nitrifying bacteria in the rhizoplane of the rice grown 
in the soils. The non-rhizosphere soils growing rice plants with 
injected (NH^^SO^ and NaNO^ and without added N were used to 
determine the nitrifying bacteria. All of the samples of rice roots 
and non-rhizosphere soils were extracted with sterile, distilled 
water. The nitritying bacteria were determined in all samples by the 
MPN method (Black et al., 1965). The pH (soil:water = 1:1) values of 
the non-rhizosphere soils were measured at 2 0  days after the 
injections. A completely randomized design with three sources of N 
and three times of injection was used. Soil sample no. 1 was used in 
this study.
IV. Effects of Ammonium Sulfate and Sodium Nitrite on Nitrification
in a Flooded Soil.
Ten-gram samples of air-dry soil were flooded in 180-ml bottle 
with 10 ml of (NH^^SO^ or NafM^ to bring the soils to 50 mg NH^+-N or 
NO^-N kg-* soil. The control was treated with 10 ml of distilled 
water. All of the bottles with the treated soils were capped loosely 
and incubated for periods of 1, 5, or 10 days at 28 C. Each soil 
sample was analyzed to determine the numbers of nitrifying and 
denitrifying bacteria. The numbers of NĤ, -oxidizers, NO^ -oxidizers, 
and denitrifiers were determined in the NH^+-oxidizers', 
NO^-oxidizers' , and denitrifiers' broths, respectively, by the MPN 
method (Black et al., 1965). The numbers of nitrifiers and 
denitrifiers found in all soil samples were recorded. A completely
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randomized design with two sources of N, and four times of incubation 
was used. Soil sample no. 1 was used in this study.
V. Effect of Added Oxygen on Nitrification in the Rhizoplane of Rice
Plants Grown in Flooded Soils Treated with Ammonium Sulfate and
Potassium Nitrite.
This experiment was conducted in the laboratory. One-month old 
rice plants were allowed to grow in 450-ml jars of flooded soils 
treated with an adequate amount of (NH^^SO^ or KNO2  solution to bring 
them to 50 mg NH^+-N or NO2  -N kg  ̂ soil. Controls without added N 
were also included. The jars containing the growing rice plants were 
then placed in closed systems consisting of either aquariums (System 
no, 1) or jars (System no. 2).
System no. 1 consisted of two sizes of aquariums. The smaller 
one had dimensions of width x length x height equal to 15,2 x 49.5 x 
29.5 cm. The larger one had dimensions of width x.length x height 
equal to 31.5 x 61.0 x 30.0 cm. The larger one was used as the bottom 
of the system. Six jars containing growing rice plants were placed 
inside of it. The smaller one was placed upside down covering all the 
jars placed inside the larger one. Two small rubber tubes were 
connected to the smaller aquarium with one end of each tube attached 
inside the other end attached outside the aquarium. One of the rubber 
tubes was used for releasing air inside the smaller aquarium and 
another was used for adding pure O2  from the outside source into the 
aquarium. The aquariums were furnished to allow the added O 2  to 
replace water inside the smaller aquarium. The outer side of the 
smaller aquarium was marked and labelled in order to indicate the 
proper volume of added O2 . Tap water was added into the larger
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aquarium. Some □£ the water was allowed to get into the smaller 
aquarium until the water level reached the desired, marked level.
This now constituted a closed system. Pure 0^ from a cylinder was 
added to the smaller aquarium to the desired volume. Oxygen 
concentrations were 10, 15, 20, 25, and 30% of atmospheric air volume. 
The six jars with growing rice plants represented two replications of 
three treatments treated with (NH^^SO^, and without added N.
When the water level reached the marked level required in the system, 
the inside air which was released to outside through one of the rubber 
tubes was shut off. The pure O2  from the O2  cylinder was added to the 
inside through another rubber tube until the required volume of 0  ̂had 
been added. At this condition, the water level was at 1 cm below the 
upper rims of the jars in the systems and at 2  cm above the rim of the 
smaller aquarium. Controls without additional were also included.
The condition in the system was maintained without any additional 
C> 2 for five days, then all jars were taken from the system. The rice 
roots were Immediately washed free of soil with tap water and cut from 
the stems of the rice plants. The rice roots were shaken with 
sterile, distilled water and the numbers of NH^+-oxidizers and 
NO2  -oxidizers in the nitrifiers' broths and the numbers of 
denitrifiers in the denitrifiers' broth were determined by the MPN 
method (Black et al., 1965). Rice plant tops were dried in the oven 
at 60 C and dry matter weights were recorded. Numbers of nitrifiers 
and denitrifiers found in the rice rhizoplane and the dry weights of 
rice plant tops were recorded. A completely randomized design with 
three sources of N, and six concentrations of added O2  was used. Soil 
sample no. 2  was used in this study.
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System no. 2 consisted of 450-ml jars with lid screwed tightly 
onto the jars containing growing rice plants. The growing rice plants 
in each jar were arranged to stay under the lid of the jar. A
specific volume of air was removed from the jar by inserting a
hypodermic needle attached to a syringe through a rubber septum fitted 
securely in the lid. The air that was removed from the jars was 
immediately replaced with an equal volume of pure 0^. Additional 0^ 
was added to increase the atmosphere to 10, 15, and 20% of atmospheric
air volume. Controls without additional 0  ̂ were also included. This
closed system was maintained without any further additional for 
four days. The rice roots were immediately washed free of soil with 
tap water and cut from the stems of the rice plants. Then rice roots 
were shaken with sterile, distilled water, and the numbers of 
NH^ -oxidizers, NO2  -oxidizers, and denitrifiers were determined. The 
numbers of nitrifiers and denitrifiers found in the rice rhizoplane 
were also recorded. A randomized complete block design with three 
sources of N, and four concentrations of added was used. Soil 
sample no. 1 was used in this study.
Atmospheric air is composed of and other gases at
78.08, 20.95, 0.03, and 0.94% by volume. Therefore, the removal of 
specific volumes of air from closed systems and replacment with equal 
volumes of pure 0  ̂changed the composition of the air in the closed 
systems. Oxygen in the closed systems with additional 0^ was higher 
than found in the atmosphere. The ratios of other gases (N^, and
others) to 0  ̂and percents of O2  present in the closed systems on a 
volume basis after the additions of pure O2  were illustrated as in 
Table 2.
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Table 2. Oxygen composition^ in the closed systems with additional 
pure oxygen.
Oxygen in closed systems
Pure 0„ 
added
Ratio of other 





1 0 2.47 28.85
15 2.05 32.81
2 0 1.72 36.76
25 1.44 40.71
30 1.24 44.66
— Based on atmospheric air volume.
VI. Nitrification in Soils Incubated with Ammonium Sulfate under
Aerobic and Anaerobic Conditions. 
This experiment was conducted in the laboratory. Fifty grams of
air-dry soil were added to 180-ml bottles. The soil sampels in the
bottles were treated with an adequate amount of (NH^^SO^ solutions to 
bring them to 38 or 50 mg NĤ .+-N kg * soil and incubated under both 
aerobic and anaerobic conditions as follows:
(1) In the aerobic condition, the soil sample in each bottle was 
treated with 13.5 ml of (NH^^SO^ solution so as to bring the soil to 
38 or 50 mg NH^+-N kg  ̂ soil and field capacity. All of the bottles 
were then capped loosely.
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(2) In the anaerobic condition, the soil sample in each bottle 
was flooded with 50 ml of (NH^^SO^ solution so as to bring the soil 
to 38 or 50 mg NH^+-N kg * soil. All of the bottles were then capped 
loosely.
The soil samples were incubated for 42 days at 28 C both
aerobically and anaerobically. Incubation time of 1, 5, 7, 14, 21,
28, 35, and 42 days were used. The treated soil samples and treated
controls were tested to determine both NH-+-N and N0„ -N4 3
concentrations.
Nitrate-nitrogen concentrations in the soils were determined by
the Phenoldisulfonic acid method (Black et al., 1965). Ammonium-
nitrogen concentrations in the soils were extracted with distilled
water and determined by Nessler's reagent (Black et al., 1965). Gains
and losses of N0_ -N and NH,+-N were recorded. The rate of 3 4
tutdisappearance of NO^ -N and NH^ -N and the correlations between the 
N0^--N and NH^+-N concentrations in the soil samples were determined.
A completely randomized design with two N-concentrations, and nine 
incubation times was used. Soil sample no. 1 was used in this study.
VII. Nitrification in Soils as Affected by Applied Ammonium-Nitrogen 
and Rice Plants Growing under Aerobic Conditions.
This experiment was conducted in pots in the greenhouse. 
Seven-hundred grams of air-dry soil were placed into pots and treated 
with 187.7 ml of (NH^^SO^ solution to bring the soils to 50 mg NH^+-N 
kg * soil and field capacity. Controls without N were treated with an 
equal volume of distilled water to bring them to field capacity. The 
soil samples were equilibrated for one day in closed plastic bags 
placed in the pots. After the equilibration, the plastic bags were
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opened. One-half of the total numbers of pots was planted to rice 
plants. Six 30-day old rice seedlings were planted in each planted 
pot. All pots, both with and without rice plants, were treated with 
an adequate amount of distilled water to maintain the soils at field 
capacity throughout the 42 days in the greenhouse. All soils were 
sampled to determine NO^ -N and NH^+-N concentrations at 7, 14, 21,
28, 35, and 42 days after transplanting. The numbers of nitrifying 
bacteria present in the rice rhizoplane on these sampling days were 
also determined. The rice roots taken from the soils in the planted 
pots were immediately washed free of soil with tap water and cut from 
the stems of the rice plants. Then the rice roots were shaken with
■fsterile, distilled water. The numbers of NH^ -oxidizers and 
NO^ -oxidizers were determined in nitrifiers1 broths by the MPN method 
(Black et al., 1965). The rice plant tops were dried in the oven at 
60 C and dry weights were recorded.
Nitrate-nitrogen concentrations in the soils were determined by 
the Phenoldisulfonic acid method (Black et al., 1965). Ammonium- 
nitrogen was extracted with distilled water and determined by 
Nessler^ reagent (Black et al., 1965). A randomized complete block 
design with two NH^+-N treatments, two planting conditions, six 
transplanting times was used in analyses of NO^ -N and NH^+-N. A 
randomized complete block design with two types of nitrifiers, and 
five transplanting times was used in analysis of nitrifiers. An 
randomized complete block design with two NH^+-N treatments, and six 
transplanting times was used in the analysis of rice plant tops data. 
The correlations between the NO^ -N concentrations and transplanting 
times, N0^”-N concentrations and nitrifiers, NH^ -N concentrations and
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+transplanting times, and NH^ -N concentrations and rice plant tops 
were determined. Soil sample no. 2 was used in this study.
VIII. Isolations of Nitrifying Bacteria from the Rhizoplane of Rice 
Grown in Soils under Flooded Conditions.
Roots of rice grown in flooded soils under laboratory conditions 
were sampled, immediately washed free of soil with tap water, and cut 
from the stems of the rice plants. Then the rice roots were shaken 
with sterile, distilled water. The presence of NH^ -oxidizers 
(Nitrosomonas) and NO^ -oxidizers (Nitrobacter) in the rhizoplane of 
rice roots were determined in nitrifiers* broths by the MPN method 
(Black et al., 1965). The Nitrosomonas or Nitrobacter bacteria 
present in the nitrifiers' broth of the most root dilution series with 
the most positives were used to isolate for the pure culture of 
Nitrosomonas or Nitrobacter as following series:
1. In the first isolation, the Nitrosomonas or Nitrobacter 
bacteria present in the broth were transferred to Nitrosomonas or 
Nitrobacter medium in the plates. The plates were incubated for three 
to four weeks at 28 C. The presence of Nitrosomonas or Nitrobacter 
colonies formed on the plates was ascertained. The Nitrosomonas or 
Nitrobacter colonies were identified following the methods as 
described by Buchanan and Gibbons (1974).
2. In the first reisolation, colonies of the Nitrosomonas or 
Nitrobacter bacteria found in the first isolation were transferred to 
increase the growth in a new set of Nitrosomonas or Nitrobacter broths 
in test tubes. The inoculated tubes were then incubated for 21-30 
days at 28 C. The broths in the test tubes were sampled to test for 
the presence of Nitrosomonas or Nitrobacter bacteria using the
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Griess-Ilosvay reagent (Black et al., 1965). The Nitrosomonas or 
Nitrobacter bacteria present in the broth of the positive tubes were 
transferred to Nitrosomonas or Nitrobacter medium in the plates. The 
plates were incubated for three to four weeks at 28 C. The presence 
of Nitrosomonas or Nitrobacter colonies formed on the plates was 
ascertained. The Nitrosomonas or Nitrobacter colonies were identified 
following the methods as described by Buchanan and Gibbons (1974).
3. In the second reisolation, colonies of the Nitrosomonas or 
Nitrobacter bacteria found in the first reisolation were transferred 
to increase the growth in the broth in the test tubes. The tubes were 
incubated for 21-30 days at 28 C. The presence of Nitrosomonas or 
Nitrobacter bacteria in the broth was tested using the Griess-Ilosvay 
reagent (Black et al., 1965). The Nitrosomonas or Nitrobacter 
bacteria in the broth of the positive tubes were transferred to 
Nitrosomonas or Nitrobacter medium in the plates. The plates were 
incubated for three to four weeks at 28 C. The presence of 
Nitrosomonas or Nitrobacter colonies formed on the plates were 
ascertained and identified following the methods as described by 
Buchanan and Gibbons (1974).
4. In the third reisolation, colonies of the Nitrosomonas or 
Nitrobacter bacteria found in the second reisolation were transferred 
to Increase the growth in the broth in the test tubes. The tubes were 
incubated for 21-30 days at 28 C. The presence of Nitrosomonas or 
Nitrobacter bacteria in the broth was tested using the Griess-Ilosvay 
reagent (Black et al., 1965). The Nitrosomonas or Nitrobacter 
bacteria in the broth of the positive tubes were again transferred to 
Nitrosomonas or Nitrobacter medium in the plates. The plates were
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incubated for three to four weeks at 28 C. The presence of 
Nitrosomonas or Nitrobacter colonies formed on the plates were 
ascertained and identified following the methods as described by 
Buchanan and Gibbons (1974).
Colonies of the Nitrosomonas or Nitrobacter bacteria found in the 
plates of the third reisolation were sampled and transferred to glass 
microscope slides. The bacteria were gram stained (Skerman, 1967; 
Larkin, 1975). The morphology of the stained bacteria of Nitrosomonas 
or Nitrobacter was observed through a microscope.
Cells of the Nitrosomonas or Nitrobacter bacteria were fixed with 
1% glutaraldehyde, washed with 0.0025 M phosphate buffer at pH 7.0, 
dehydrated in alcohol and transferred to acetone, critical point 
dried, and coated with 200 A gold-palladium. Micrographs were taken 
on a Hitachi S-500 Scanning Electron Microscope at 25 kv.
RESULTS AND DISCUSSION
I. Experiments on the Existence of Nitrifying Bacteria In the Rice
Rhlzosplane, Rhizosphere, and Non-Rhizosphere Soil under Flooded 
Conditions.
Preliminary determinations of the nitrifying bacteria in the rice
rhizoplane, rhizosphere, and non-rhizosphere soil with rice plants
growing under flooded conditions are shown in Tables 3, 4, and 5,
The results in Table 3 were interpreted to indicate that the
nitrifiers, Nitrosomonas (NH^+-oxidizers) and Nitrobacter
(N0 2 ~-oxidizers) were present on the rice root, and the rhizosphere
and the non-rhizosphere soil growing rice. After twelve days of
incubation in the nitrifiers' broth the NH,+-oxidizers were found in4
every sample studied. Nitrite oxidizers were found in smaller 
percents in the lower rhizoplane and the upper non-rhizosphere soil.
The lower rhizoplane was defined at the part from the middle root 
down to the root tip. This lower rhizoplane is composed of many more 
root hairs than the upper rhizoplane; i.e. the middle part of the root 
up to the stem. The root hairs are said to be "oxygen pools" for 
nitrification reaction to occur there. Most rice roots are located 
below the surface soil, where atmospheric may not diffuse 
adequately enough to stimulate nitrification. However, the rice 
plants and many other aquatic plants have evolved in the aquatic 
environment so as to be able to transport 0  ̂from the atmosphere to 
roots through an Internal porous structure called aerenchyma. This 
system of carrying air to the roots under flooded conditions in the 
aquatic- and rice-plants has been reported by several workers (Conway,
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Table 3. The existence of ammonium-oxidizing bacteria (Nitrosomonas) and nitrite-oxidizing bacteria 
(Nitrobacter) in the rice rhizoplane, rhizosphere, and non-rhizosphere soils under flooded 
conditions.
Sample
Incubation period in broth (days)
1 2 18 26 33
NS^ NB^ NS NB NS NB NS NB
v _>/o pUOiLXVCO
Upper rhizoplane 1 0 0 0 1 0 0 0 1 0 0 75 1 0 0 1 0 0
Lower rhizoplane 1 0 0 8 1 0 0 8 1 0 0 1 0 0 1 0 0 1 0 0
Rhizosphere 1 0 0 0 1 0 0 67 1 0 0 1 0 0 1 0 0 1 0 0
Upper non-rhizosphere soil 1 0 0 17 1 0 0 83 1 0 0 1 0 0 1 0 0 1 0 0
Lower non-rhizosphere soil 1 0 0 0 1 0 0 67 1 0 0 1 0 0 1 0 0 1 0 0
—  NS = Nitrosomonas (NH^+-oxidizer)
2 / -—  NB = Nitrobacter (NO^ -oxidizer)
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1940; Sifton, 1945; Armstrong, 1967, 1969, 1970; Hardy et al., 1968). 
This alternate 0  ̂supply is necessary for root respiration. Some of 
the 0  ̂reaches the roots by diffusion through the root cells into the 
surrounding soil. This creates a thin aerobic zone around each root. 
This interface is instrumental in both nitrification and 
denitrification reactions and also N-fixation transformation.
Woldendorp et al. (1966) reported that the rice plant may promote the 
nitrification-denitrification sequence by providing an aerobic 
environment at the root surface.
•f*The high percent of NH^ -oxidizers and the low percentage of 
numbers of NO^ -oxidizers found in the upper non-rhizosphere soil 
would agree well with the finding of Dunigan and DeLaune (1977). They 
investigated the vertical distribution of some microorganisms in a
- J -  a aflooded soil and found more NH. -oxidizers than N0„ -oxidizers in the4 2
soil surface. This is the upper non-rhizosphere soil in this study.
They reasoned that nitrification has resulted from the small amount of 
C> 2 which diffused through the flood water to the soil surface.
Based on AG values the NH^+-oxidizers have more energy available, 
therefore, many more Nitrosomonas than Nitrobacter cells are formed 
per unit of NH^+-N undergoing nitrification in soil (Delwiche, 1970; 
Russell, 1973; Alexander, 1977). Results in Table 3 confirm this.
This may be because the generation time of NH^ -oxidizers is much 
shorter than that of the NO^ -oxidizers (Schmidt, 1982). However, 
with longer times of incubations more cells of NO^ -oxidizers 
developed in the samples studied.
Table 4 contains data on numbers of nitrifying bacteria found in 
the rice rhizoplane and rhizosphere. These results demonstrated that
Table 4. The numbers of nitrifying bacteria present in the rice rhizoplane and rhizosphere.
Numbers of nitrifiers
Sample NH,+-oxidizers 4 NO^ -oxidizers
Rhizoplane
m 3  - 1  —  x 1 0  g
246. 9 ^
—  x 1 0 3  g" 1 —  
17.5^ .
Rhizosphere 17.9 1 . 0
—  LSD (.50) = 150.4 x 103  g 3 for the difference between the two NH^+-oxidizers' means.




the numbers of NH^+-oxidizers were much higher in the rhizoplane and 
much lower in the rhizosphere. The numbers of NO^ -oxidizers were 
also higher in the rhizoplane than in the rhizosphere. The high 
numbers of nitrifiers in the rhizoplane may have resulted from the 
high root hair densities of the rice plants. This increased the total 
area of aerobic zone on the rhizoplane and created favorable 
conditions for nitrification to occur. Since the rice plants can 
transport from the atmosphere to the root system through aerenchyma 
tissue under flooded conditions, there should be sufficient 0  ̂for the 
nitrifiers in the rhizoplane.
The low numbers of nitrifiers in the rhizosphere may result from 
stimulation of denitrification rather than nitrification by organic 
matter from plant roots. This occurred by plant root secretions of 
organic substrates which can serve as hydrogen donors in the 
NOg -reduction (Woldendorp et al., 1966; Woldendorp, 1968; Firestone, 
1982). Firestone (1982) also noted that in flooded rice paddies, 0^ 
availability near rice roots may be higher than in the surrounding 
soil due to transport of 0^ to the root zone by the plant. This 
effect of plant roots on denitrification has been reported by several 
investigators (Stefanson, 1972; Garcia, 1975; Bailey, 1976; Volz et 
al. , 1976; Raimbault et al., 1977; Sherr and Payne, 1978).
Rice rhizoplane effects on nitrification under flooded 
conditions can be illustrated by a Rp/Rs (rhizoplane to 
rhizosphere) relationship as follows:
Ratio Ratio of Nitrifiers1 numbers_____
(NH^+-oxidizer) (Nf^ -oxidizer) 
Rp/Rs 13.8 17.5
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The results indicated that the rhizoplane had much more influence upon 
the nitrification than the rhizosphere as suggested by the high value 
of Rp/Rs ratio obtained for both NH^+- and NO^ -oxidizers' activities.
Table 5 showed the numbers of nitrifying and denitrifying 
bacteria that were present in the rhizoplane at different ages of rice 
grown in a Crowley silt loam soil under flooded conditions. Numbers 
of nitrifiers in the rhizoplane indicated that the NH^+-oxidizers 
increased with plant growth to day 14 and decreased afterwards.
Numbers of NO^ -oxidizers were very erratic, however, in general the 
numbers did not increase over the numbers found in the first day of 
determination. Numbers of denitrifiers in the rhizoplane although 
erratic indicated that the denitrifiers tended to increase as rice 
grew and increased to the maximum number at approximately the same 
time that the NH^+-oxidizers started to decline.
II. Determinations of Nitrifying Bacteria in the Rice Rhizoplane and 
in Non-Rhizosphere Soils at Different Growth Stages of Rice 
Growing Under Flooded Conditions.
The numbers of nitrifiers present in the rice rhizoplane and 
non-rhizosphere soils were determined when the rice plants were at the 
heading and harvesting stages. Results are summarized in Table 6  and 
7.
The results in Table 6  were interpreted to indicate that the 
numbers of NH^+-oxidizers were higher at the heading stage than the 
harvesting stage of rice growth. The numbers of NH^+-oxidizers were 
higher in the nonfertilized rhizoplane than in the fertilized 
rhizoplane and were lower in the nonfertilized non-rhizosphere soil 
than in the fertilized non-rhizosphere soil. The numbers of
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Table 6 . The numbers of ammonium oxidizers found in the rice rhizoplane and non-rhizosphere soils at 




•fof NH, -oxidizers 4
2 /Harvesting— Mean
Rhizoplane, nonfertilized 1 2 .45^
x io3  g - 1  ----------
1 . 0 0
—  x 1 0 3  g_ 1  —  
6 .7 2 —^
3/Rhizoplane, fertilizedr- 3.30 0.15 1.73
Non-rhizosphere soil, nonfertilized 4.10 1.30 2.70
Non-rhizosphere soil, fertilized 7.90 1.59 4.75
Mean 6 .9 4 **6 / 1 . 0 1 -
** = significant at 1 % level of probability.
—  Heading stage: 111 days after seeding.
2/—  Harvesting stage: 134 days after seeding.
—  45-45-45 kg of N-P^O^-K^O ha (NH^^SO^ as source of N.
O'
—  No significant interaction at P = 0.05, and LSD (.05) 
treatment (sample x growth stage) means.
51 3 - 1— LSD (.10) = 2.26 x 10 g for any difference between
£. i o _ i
—  LSD (.01) = 2.94 x 10 g for the difference between
3 -1= 3.97 x 10 g for any difference between the two
the two Sample's means, 
the two Growth stage's means.
Ln
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NH^+-oxidizers were higher in the nonfertilized rhizoplane than in the
nonfertilized non-rhizosphere soil and were lower in the fertilized
rhizoplane than in the fertilized non-rhizosphere soil. The high
numbers of NH^+-oxidizers in the nonfertilized rhizoplane may have
resulted from favorable conditions of pH and 0^ and air transported
from the plant tops to the roots. These favorable conditions
stimulate nitrification reaction in the rice rhizoplane by 
+NH, -oxidizers*4
*f —Rice plants can assimilate N in both NH^ - and N0^ - forms. The
less adsorbed form by soil such as N0  ̂-N will be more readily
assimilated by rice plants. Nitrate-nitrogen is freely diffusible and 
not as readily adsorbed as NH^+-N by soil (Bear, 1967; Black, 1968;
Bohn et al., 1979). According to Firestone (1982), assimilation of N
by plants in nonfertilized soil is largely in the NO^ - form, but soil 
and fertilizer N converted to this form by nitrification are subject 
to denitrification and leaching losses. A high concentration of 
NH^+-N in soils could enhance a passive uptake of N by rice plants.
Thus, less nitrification was found in the fertilized than 
nonfertilized rhlzoplanes.
Ideally, NH^+-N is the preferred N source by plants, and it is 
utilized more efficiently within the plant. It is also less subject 
to loss by leaching and volatilization from the soil (Reisenauer,
1978). The pH of the soil and rhizosphere would be a factor affecting 
the numbers of NHj,+-oxidizers in the rice rhizoplane. The rate of 
nitrification is directly correlated with soil pH (Morrill and Dawson, 
1962). The pH of the non-rhizosphere soils, fertilized and 
nonfertilized, were measured at the active heading stage of the rice
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plants; the pH (soil:water = 1:1) values were 5.40 and 5.95 for soils 
fertilized and nonfertilized, respectively. The pH of the fertilized 
soil was lower than the original soil pH value (pH = 5.90).
According to Egmond (1978), plants grown on NH^+-N as the only N
source rapidly lower the pH in their rhizosphere. Reisenauer (1978)
reported that the absorption of NH^+-N by plant roots is rapid, and
the rate of absorption is markely influenced by plant and environment
factors. He further stated that plant's uptake also produced changes
in the plant and rhizosphere characteristics that act as "feed-back"
controls limiting further adsorption and effectively precluding
prediction of flux rates from characterizations of the external
environment. The principal of these controls includes effects on
acidity of the root medium, root growth rates, and the concentrations
of complexing moieties within the root. Raven and Smith as quoted by
Hiatt (1978) reported that the major location of NH^+-N assimilation
in plants appears to be in the roots, with N being transported to the
shoots as a mixture of amino acids and their amides. Therefore, the
high conccentration of NH^ -N as the major N source for plants in this
study would have affected the pH of the rice rhizoplane to be more
+acid. Thus, much lower numbers of NH^ -oxidizers in the rhizoplane of 
rice grown in the fertilized soil than in the nonfertilized soil may 
have resulted from this increased acidity. Wilson (1928) and Morrill 
(1959) both reported that antotrophic NH^+-oxidizing organisms are 
sensitive to acidity. The population of autotrophic NH^+-oxidizing 
organisms is greater in neutral and alkaline soils than in acid soils. 
According to Alexander (1965, 1977), nitrification proceeds slowly in 
acid soils. The optimum pH for most commonly investigated strains of
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Nitrosomonas tends to fall In the range between pH 7 and 9, and 
activity can be found in even more alkaline solutions. On the other 
hand, even under slightly acid conditions, proliferation of the 
Nitrosomonas bacteria is reduced quite markely. According to Morrill 
and Dawson (1962), the rate of nitrification is directly correlated
•fwith the pH, and the optimum reaction in soil for the NH^ -oxidizers 
is above neutrality.
The results in this study indicated that the numbers of 
NH^+-oxidizers were high in the soil fertilized with (NH^^SO^. The 
rate of nitrification increased in the general soils fertilized with 
(NH^J^SO^ or amended with NH^+- N fertilizers has been reported by 
various investigators (i.e. Fraps and Sterges, 1932; Frederick, 1956; 
Weber and Gainey, 1962; Alexander, 1965; Premi and Cornfield, 1969; 
Russell, 1973; Myers, 1975). Nitrification in flooded soils with 
added (NH^^SO^ is reported by Yoshida and Padre (1974); they found 
that nitrification occurred in the oxidized layer of soils and that 
nitrification was greatly enhanced by the added NH^+- N. They also 
found the nitrifying activity of the NH^+-oxidizer Nitrosomonas 
europaea, increased in the soil containing added (NH^)^SO^, and that 
the more NĤ .+-oxidizers were present, the more NH^+-N was oxidized to 
NC^-N. Day et al. (1978) found Nitrosomonas spp. as the organisms 
responsible for biological oxidation of NH^ from fertilizers in the 
soil solution.
The results in Table 7 were interpreted to indicate that the 
numbers of NO^ -oxidizers were significantly greater at the heading 
stage than the harvesting stage of rice plants. At heading stage, the 
numbers of NO2  -oxidizers tended to be greater in the fertilized than
Table 7. The numbers of nitrite oxidizers found in the rice rhizoplane and non-rhizosphere soils at 





. 2 / Harvesting^ Mean
Rhizoplane, nonfertilized 1.54^
x 1 0 3  g_ 1  ----------
1.09
m 3  "I —  x 1 0  g
1.32-/
3/Rhizoplane, fertilized— 2.30 0.23 1.26
Non-rhizosphere soil, nonfertilized 0.81 0 . 2 2 0.52
Non-rhizosphere soil, fertilized 0.33 0.33 0.33
Mean 1.25*5/ 0.47 -
* = significant at 5% level of probability.
—  Heading stage: 111 days after seeding.
2 /—  Harvesting stage: 134 days after seeding.
3/ -1—  45-45-45 kg of N-P^O^-K^O ha , {NH^J^SO^ as source of N.
O'vO
1 / 2
—  No significant interaction at P = 0.05, and LSD (.10) = 0.78 x 10 g for any difference between the two 
treatment (sample x growth stage) means.
5/ 3 - 1—  LSD (.30) = 0.32 x 10 g for any difference between the two Sample's means.
6  / 3 — 1— LSD (.05) = 0.50 x 10 g for the difference between the two Growth stage's means.
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the nonfertilized rice rhizoplanes, and the numbers were higher in the 
rice rhizoplanes than in the non-rhizosphere soils. At harvesting 
stage, the numbers of NC^ -oxidizers were greater in the nonfertilized 
than the fertilized rice rhizoplanes. The higher numbers of 
NC» 2 -oxidizers in the rice rhizoplane than in the non-rhizosphere 
soils especially at the heading stage of rice plants may be the 
favorable conditions, i.e. high supplies of atmospheric to roots by 
rice plants (Sato, 1952; Armstrong, 1969), in the rice rhizoplane for 
stimulating nitrification. The low pH of the fertilized soil (pH =
5.AO) at the heading stage of rice plants did not affect the 
NO2  -oxidizers in the rice rhizoplane. This is indicated by the 
higher numbers of NO2  -oxidizers in the fertilized rice rhizoplane 
than in the nonfertilized rice rhizoplane. However, the results 
(Table 7) indicated that the pH tended to affect the NO2  -oxidizers in 
the non-rhizosphere soils at the heading stage of rice plants. This
is indicated by the lower numbers of NO2  -oxidizers in the fertilized
non-rhizosphere soil (pH = 5.AO) than in the nonfertilized
non-rhizosphere soil (pH = 5.95).
The optimum pH for Nitrobacter is in the neutral to slightly 
alkaline range, and activity of Nitrobacter is often detectable from 
approximately pH 5 to 10 (Alexander, 1965, 1977). Typically (Dancer 
et al., 1973) the rate of nitrification falls off markely below pH 6.0 
and becomes negligible below pH 5.0. Nelson as quoted by Black (1968) 
found that loss of NO2  -N from buffered solutions, with formation of 
NO^ -N, took place rapidly at pH A and below, slowly at pH 5 to 7, and 
not at all at pH 8.
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The effects of pH on nitrification as observed from the data in 
Table 6  and 7 in this study indicated that the low pH in the soil 
growing rice plant affects the NH^+-oxidizers rather than 
NC^-oxidizers in the rice rhizoplane but it affects the 
NO^ -oxidizers rather than the NĤ .+-oxidizers in the non-rhizosphere 
soil.
III. Effects of Ammonium Sulfate and Sodium Nitrite Injected into
Soils with Growing Rice Plants on Nitrification in the Rice
Rhizoplane and Soils under Flooded Conditions.
The numbers of NH. -oxidizers and N0„ -oxidizers in the rice 4 2
rhizoplane and non-rhizosphere soil were determined at different times 
after injections of differed forms of nitrogen, (NH^^SO^ and NaNC^, 
under flooded conditions. The (NH^^SO^ and NaNO^ solutions were 
injected into the rhizosphere soils after 2 0  days of transplanting 
10-day old rice seedlings into a Crowley silt loam soil.
The results in Table 8  were interpreted to indicate that the 
numbers of NH^ -oxidizers in the rhizoplane of rice grown in (NH^^SO^ 
injected soil tended to be lower than in other soils injected with 
NaNO^ and without N (Control). This may be the low pH obtained in the 
soil injected with (NH^^SO^ affects the NH^+-oxidation by 
NH^ -oxidizers in the rice rhizoplane. The pH of soil injected with 
(NH^J^SO^, NalH^ and without N were measured at 20 days after the 
injections. The pH obtained were 6.4, 7.0 and 6 . 6  for soils injected 
with (NH^^SO^, NalK^ and without N, respectively. The pH of soils in 
the first days of injections were supposed to be lower in the 
(NH^^SO^ injected soil and to be higher in the Nat^ injected soil 
than the pH measured at 20 days after the injections. Since the pH of
Table 8. The numbers of ammonium oxidizers found in the rhizoplane of rice growing in a flooded Crowley








(nh4 ) 2 so4 29.74—^
i n3 - 1  ----- x 1 0  g roots ---
1 . 8 6 5.08
in3  - 1  —  x 1 0  g roots —
16.61
NaN0 2 50.17 2.15 1.55 26.01
Control 54.45 1.95 0.85 27.92
Mean 44.7 9 ^ 1.98 2.49 -
1/ 3 - 1—  No significant interaction at P = 0.05, and LSD (.70) = 12.16 x 10 g roots for any difference between 
the two treatment (nitrogen x time) means.
2/ 3 —1—  LSD (.30) = 39.29 x 10 g roots for any difference between the two Time's means.
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either acid or alkaline soil tends to move toward a neutral value of 
pH after flooding (Ponnamperuma, 1972). Therefore, the (NH^^SO^ 
injected into the rhizosphere would affect the pH in the rice 
rhizoplane, since the high concentration of NH^+-N as the only N 
source in soil rapidly lowers the pH in the rhizosphere of plants 
(Egmond, 1978). The rate of nitrification is closely and directly 
correlated with the pH (Morrill and Dawson, 1962) and proceeds slowly 
in acid soils (Alexander, 1965, 1977), and the autotrophic 
NH^+-oxidizing organisms are sensitive to acidity (Wilson, 1928;
Morrill, 1959) .
Results in Table 8  indicated that the numbers of NH^ -oxidizers 
in the rice rhizoplane were highest at 1 day after the injections and 
decreased to very low numbers thereafter. Neither injected (NH^^SO^ 
nor NaNC^ increased the numbers of NH^+-oxidizers in the rice 
rhizoplane greater than the numbers of NH^+-oxidizers found in the 
Control treatment. The numbers of NO^ -oxidizers in the rhizoplane of 
rice grown under the same conditions as NH^+-oxidizers are summarized 
in Table 9. The results were interpreted to indicate that N sources 
injected into the rice rhizosphere did not increase the numbers of 
NC^-oxidlzers in the rice rhizoplane after 1 day of the injections.
The highest number of NO^ -oxidizers was found in the rhizoplane of 
rice grown in the NaNO^ injected soil after 1 day of the injection.
The numbers of NH^+-oxidizers found in the non-rhizosphere soils 
after the injections of N with different sources are summarized in 
Table 10. The results were interpreted to indicate that NaNO^ 
significantly increased the numbers of NH^+-oxidizers in the 
non-rhizosphere soil. Ammonium sulfate did not increase the numbers
Table 9. The numbers of nitrite oxidizers found in the rhizoplane of rice growing in a flooded Crowley soil








(nh4 )2 so4 5.16^
m3----- x 1 0  g roots ---
2.76 0.51
3 -1—  x 1 0  g roots —  
3.39
NaN0 2 7.15 2.15 0.73 4.29
Control 6.57 1.94 0.85 3.98
Mean 2 /6.29^ 2.28 0.69 -
1/ 3 - 1—  No significant interaction at P = 0.05, and LSD (.70) = 1.23 x 10 g roots for any difference between 
the two treatment (nitrogen x time) means.
2/ 3 - 1—  LSD (.30) = 2.12 x 10 g roots for any difference between the two Time's means.









(nh4 )2 so4 1.82-/
----- x 1 0  ̂g * soil ----
0.78 0.48
—  x 1 0  ̂g  ̂soil —  
1.23^
NaN0 2 93.37 0.23 2.27 47.31
Control 3.18 1.28 2.27 2.48
Mean 3/32.79̂ - 0.76 1.67 -
1/ 3 - 1—  No significant interaction at P = 0.05, and LSD (.50) = 24.16 x 10 g soil for any difference between
the two treatment (nitrogen x time) means.
2/ 3 -1—  LSD (.30) = 22.79 x 10 g soil for any difference between the two Nitrogen's means.
3/ 3 - 1—  LSD (.50) = 13.95 x 10 g soil for any difference between the two Time's means.
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of NĤ .+-oxidlzers in the non-rhizosphere soil but tended to decrease 
the numbers instead when compared with the numbers in the Control 
treatment. The greater numbers of NH^+-oxidizers in the 
non-rhizosphere soil injected with NaNO^ may be the NaNO^ solution 
increased the pH of the non-rhizosphere soil temporarily favorable for 
the nitrification to occur since the numbers were found highest at 1  
day after the injection of NaNO^ and sharply declined afterwards.
Most of the nitrification by NH^+-oxidizers found in this study would 
be expected to occur at the soil surface since the soil sample taken 
for investigation includes the surface and subsurface of the 
non-rhizosphere soils.
Table 11 presents the numbers of NO^ -oxidizers found in the 
non-rhizosphere soils after the injections of N with different 
sources. The results were interpreted to indicate that the numbers of 
NC> 2 -oxidizers found in the non-rhizosphere soils were very low.
However, the numbers found in the all injected soils were highest at 1 
day after the injections and decreased to some low and stable numbers 
at 10 and 20 days of the injections. The numbers of NO^ -oxidizers 
found in the treatment injected with NaNO^ were higher than the 
numbers found in the treatment injected with (NH^^SO^ and the 
Control treatment.
The high numbers of NH^+-oxidizers (Table 10) but low numbers of 
NO2  -oxidizers (Table 11) found in the non-rhizosphere soil at 1 day 
after the injection of NaN0 2  may indicate the accumulation or 
chemo-denitrification of both the NO2  -N added and formed by 
NH^+-oxidition. According to Smith and Chalk (1980b), when 
alkaline-hydrolyzing N fertilizers are banded to soils, the biological









( “ 4 ) 2s ° t 0 . 8 2 - / 0 .23 0 .23
—  x 10^ g  ̂soil —  
Q.52—
NaNO. 1.09 0 .2 3 0 .23 0 .66
Control 0 .43 0 .2 3 0 .23 0 .33
Mean 0 . 7 8 ^ 0 .2 3 0 .23 -
1/ 3 - 1— No significant interaction at P = 0.05, and LSD (.30) = 0,26 x 10 g soil for any difference between
the two treatment (nitrogen x time) means.
2/ 3 - 1—  LSD (.50) = 0.09 x 10 g soil for any difference between the two Nitrogen's means.
3/ 3 - 1—  LSD (.10) = 0.28 x 10 g soil for any difference between the two Time's means.
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oxidation of NC^ -N is inhibited and NO^ -N may accumulate. They also 
found the NO^ -N accumulation occurred in all soils treated with NaNC^ 
and the rate of accumulation was most rapid during the first day (24 
hrs) after treated in acid soils. Generally the NC^ -N accumulation 
in soils is a necessary prerequisite for chemo-denitrification (Meek 
and Mackenzie, 1965; Bundy and Bremner, 1974). The period of rapid NO 
+ NO2  evolution was found to be coincided with the period of maximum 
N0 2 ~-N accumulation (Wagner and Smith, 1958; Steen and Stojanovic, 
1971). However, Smith and Chalk (1980b) reported that substantial 
loss of N 2  can occur without appreciable NO2  -N accumulation. They 
suggested that gaseous-N losses can occur via chemical transformation 
of NO2  -N when the competitive biological oxidation of NO2  -N by 
Nitrobacter is inhibited.
IV. Effects of Ammonium Sulfate and Sodium Nitrite on Nitrification
in a Flooded Soil.
Crowley soil samples were incubated with either (NH^^SO^ or 
NaNC^ under flooded conditions in order to determine how nitrification 
was affected. Denitrification as affected by these incubations in the 
soils was also determined.
The numbers of NH^+-oxidizers found in the soils Incubated with
(NH,)„SO. and NaN0„ were summarized in Table 12. Results indicated 4 2 4 2
that neither (NH^^SO^ nor NaNC> 2 Increased the numbers of 
NH^+-oxidizers in the soils during the incubation. The numbers of 
NH^+-oxidizers found immediately (zero day) after the addition of 
(NH^^SO^ or NaN0 2  were significantly greater than the numbers found 
on any of the suceeding days. The numbers of NH^ -oxidizers found 
immediately after the addition of (NH^^SO^ were higher than the








m3 -1 x 1 0  g ----------
0.23 0.23
—  x 1 0 3  g 1 —  
l.O?-^
NaN02 1.52 0.23 0.23 0.23 0.55
Mean 3/2 . 5 5  id! 0.23 0.23 0.23 -
* = Significant at 5% level of probability.
1/ 3 - 1—  No significant interaction at P = 0.05, and LSD (.30) = 0.87 x 10 g soil for any difference between
the two treatment (nitrogen x time) means.
2 / 3 - 1—  LSD (.50) = 0.28 x 10 g soil for the difference between the two Nitrogen's means.
3/ 3 —1—  LSD (.05) = 1.27 x 10 g soil for any difference between the two Time's means.
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numbers found after the addition of NaNO^ at zero day. The high
4*numbers of NH^ -oxidizers found at the zero day with the addition of
(NH^^SO^ or NaNC^ may be the NH^+ ion in (NH^^SO^ or Na+ ion in
NaN0 2  acting as exchangeable cations replacing still actively living
organisms including NH^+-oxidizers adhered on the surface of the soil
colloid into the soil solution. Since the living organisms are also a
component of the soil and also reported that the soil microorganisms
live on the surface of the soil particles and some will adsorb clay
particles on their surface and vice versa (Russell, 1973; Alexander,
1977). The bacterium is also an organic compound; therefore, soils
and clays can adsorb organic compounds through a number of different
mechanisms (Russell, 1973). The nitrifying bacteria are adhered on
+the soil colloid surface where the NH, ion is absorbed, therefore,4
the nitrification in the soil occurs mainly there (Tamhane et al.,
1966).
The numbers of NC^ -oxidizers found in the soil samples under the
4-same conditions as of NH, -oxidizers were summarized in Table 13. The
results indicated the same effects as that obtained for NH,+-oxidizers4
in Table 12 that neither (NH^^SO^ nor NaNC^ increased the numbers of 
NO^'-oxidizers after incubations. The average number of 
NO^ -oxidizers obtained at the zero day was significantly higher than 
the average number obtained on any of the suceeding days of 
incubation. The reason of this high number of NO^ -oxidizers at the
4* 4*zero day may be that the NH^ ion from (NH^J^SO^ and Na ion from 
NaNC^ replace still actively living NC^ -oxidizers on the surface of 
soil colloid into the soil solution and also to some extent exchange
Table 13. The numbers of nitrite oxidizers found in a flooded Crowley soil incubated with additional
nitrogen.
Nitrogen source 0
Time of : 
1
incubations (days) 
5 1 0 Mean
(nh4 )2 so4 Q.37-* 0.18
in3  - 1x 1 0  g ----------
0 . 1 0 0.16
in3  ~l—  x 1 0  g
2 /
0 .2 0 -̂
NaN0 2 0.28 0 . 1 1 0 . 0 0 1 0.23 0 . 1 1
Mean 3/0.33 0.15 0.05 0.09 -
** = Significant at 1% level of probability.
1/ 3 - 1—  No significant interaction at P = 0.05, and LSD (.05) = 0.14 x 10 g soil for any difference between
the two treatment (nitrogen x time) means.
2/ 3 -1—  LSD (.10) = 0.06 x 10 g soil for the difference between the two Nitrogen's means.
3/ 3 - 1— LSD (.01) = 0.10 x 10 g soil for any difference between the two Time's means.
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the clay particles adsorbed on the surface of the bacteria and vice
versa and leave the bacteria in the soil solution.
The significantly different numbers of NH^+-oxidizers and
NO2  -oxidizers found in Tables 12 and 13 between the additions of
(NH^^SO^ and NaNC^ may be the different bonding energy of NH^+ and
Na+ ions in exchange with the bacteria adsorbed on the surface of soil
+colloids, since the NH^ ion has a greater replacing ability than the
Na+ ion (Bear, 1967; Bohn et al., 1979). The data in both Tables 12
and 13 indicated that the nitrification after addition of (NH^^SO^ or
NaNO^ never occurred in the soils during 1 to 1 0  days of soil
incubations under flooded conditions, since the numbers of
NH,+-oxidizers and N0„ -oxidizers had been found earlier in the soils 4 2
before the additions of (NH.)oS0. or NaN0_ were 0.29 and 0.11 x4 2 4 2
3 -110 g soil, respectively. Some investigators have indicated this 
phenomenon. For example, Yoshida and Padre (1974) found the added 
NH^ -N from a pre-submerged soil incubated with (NH^^SO^ was 
nitrified to NO^ -N in the oxidized layer during a month of 
incubation, and the nitrification was enhanced greatly after 15 days 
of incubation. Myers (1975) found that nitrification rates of each 
temperature in an NH^+-ammended tropical soil over a range of 
temperatures from 10-20 C were constant throughout the 28 days of 
incubations. Premi and Cornfield (1969) studied the nitrification in 
a soil receiving varying levels of digested sewage sludge (supplying 
57-457 kg NH^+-N ha *) under 30 C incubation for 8  weeks. They found 
that nitrification was rapid when 114 kg ha  ̂or less of NH^+-N was 
applied, but with the higher levels of sludge there was a lag phase 
before nitrification commenced. In this study, the (NH^^SO^, or NaNO^
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solution to bring a soil to 50 mg NH^+-N or NaNO^-N kg * soil (approx.
112 kg N ha *), regardless of the original soil N, was incubated with 
the soil samples. The amount of NH^+-N added to the soil in this 
study was close to the limit set for the lag phase of nitrification to 
occur as found by Premi and Cornfield (1969).
The numbers of denitrifiers as affected by (NH^^SO^ and NaNC^ 
incubated in a flooded Crowley soil were summarized in Table 14. The 
results indicated that the NaNOg increased denitrifiers whereas the 
(NHj^SO^ did not. The low numbers of denitrifiers in the soil 
incubated with (NH^J^SO^ could be expected because no nitrification 
due to oxidation of NH,+-N was observed from the incubation: 
therefore, no available energy substrates, NO^'-N and NO^'-N, were 
provided for the denitrification. Denitrification in the soil 
incubated with NaNC^ was greatest at 5 days after incubation; there 
might be favorable conditions such as absence of 0^, high pH and a 
more available substrate for denitrification at this time of 
incubation. There might be a rapid accumulation of N0^ -N from the 
added NaNC^ in the soil at the first day of soil incubation with NaNO^ 
(Smith and Chalk, 1980b); therefore, the denitrification was not great 
at the first day of incubation. The low numbers of denitrifiers at 10 
days after incubation would indicate that the energy substrate of 
NO2  -N for denitrification had been exhausted.
V. Effect of Added Oxygen on Nitrification in the Rhizoplane of Rice 
Plants Grown in Flooded Soils Treated with Ammonium Sulfate and 
Potassium Nitrite.
One-month old rice plants were allowed to grow in jars of flooded 
soils treated with an adequate amount of (NH^^SO^ or KNO^ solution to
Table 14. The numbers of denltrifiers found in a flooded Crowley soil incubated with additional nitrogen.
Time of incubations (days)
Nitrogen source 0  1 5 1 0 Mean












Mean 0.820^ 1.450 6.622 0.622 -
—  No significant interaction at P = 0.05, and LSD (.10) = 4.65 x 10^ g ^ soil for any difference between
the two treatment (nitrogen x time) means.
2 /  6 -1—  LSD (.10) = 2.32 x 10 g soil for the difference between the two Nitrogen's means.




bring them to 50 mg NH^+-N or KNO^-N kg * soil. The jars containing 
the growing rice plants were placed in closed systems consisting of 
either aquariums (System no. 1) or jars (System no. 2). Different 
concentrations of 0  ̂were injected into the atmospheric environment 
around the rice plants in two Systems. System no. 1 contained 23 
times of the normal amount of 0^ per rice plant more than did System 
no. 2. After five days and four days of C> 2 injections into System no.
1 and System no. 2, respectively, the numbers of NH^+-oxidizers, 
NOj'-oxldizers, denitrifiers, and the weights of rice plant tops were 
determined.
The numbers of NH^+-oxidizers found in the rhizoplane of rice 
growing in N treated soil in System no. 1 and System no. 2. are 
summarized in Tables 15 and 16. The results were interpreted to 
indicate that both sources of N and added 0^ concentrations in these 
two systems affected the activities of NH^+-oxidizers in the rice 
rhizoplane.
The (NH^^SO^ treated soils in both systems apparently increased
numbers of NH, -oxidizers over the numbers found in the KN0„ treated 4 2
and Control soils. No significant difference was found between the 
numbers of NH^+-oxidlzers in the rhizoplane of rice growing in the 
KNO^ treated and the Control soils in both systems.
The data in System no. 1 (Table 15) was interpreted to indicate 
that the number of NH^+-oxidizers in the rice rhizoplane was highest 
at 15% concentration level of added 0^ injected into the atmospheric 
environment of the system and sharply declined as the higher 
concentrations of the added 0^ being injected. However, the results 
obtained in System no. 2 were different from that obtained in System
Table 15, The numbers of ammonium oxidizers found in the rhizoplane of Tice growing in a flooded Crowley
soil treated with different nitrogen sources in System no. 1
Additional oxygen injected (% of atm. air vol.)
Nitrogen source 0 1 0 15 2 0 25 30 Mean
i n4 -1 x 1 0  g . n4 —1 —  x 1 0  g roots —
<nh4 )2 so4 6.45^ 0.81 30.12 2.42 3.67 2.94 7.73^/
kno2 1.05 0.39 4.20 0.60 0.89 0.62 1.31
Control 3.20 0.58 0.90 0.50 1.83 0 . 1 2 1 . 0 0
Mean 4/4.29— 0.59 11.74 1.17 2.13 1.23 -
—  System no. 1 is defined in Materials and Methods Section page 47.
2/ 4 -1—  No significant interaction at P = 0.05, and LSD (.50) = 4.32 x 10 g roots for any difference between 
the two treatment (nitrogen x oxygen) means.
3 i 4" i—  LSD (.30) = 2.72 x 10 g roots for any difference between the two Nitrogen's means.
—  LSD (.30) = 3.86 x 10^ g  ̂roots for any difference between the two Oxygen's means.
Table 16. The numbers of ammonium oxidizers found in the rhizoplane of jtce growing in a flooded Crowley










(nh4 )2 so4 23.1I—
4 -1----x 1 0  g roots------
11.95 10.34 17.64
in4 -1—  x 1 0  g roots —  
15.76*—^
KN02 4.61 3.58 2.93 1.73 3.21
Control 0.77 2 . 2 0 3.63 2.46 2.27
Mean 9.50 5.91 5.63 7.28 -
* = Significant at 5% level of probability.
— System no. 2 is defined in Materials and Methods Section page 49.
21 4 -1— No significant interaction at P = 0.05, and LSD (.50) = 4.33 x 10 g roots for any difference between 
the two treatment (nitrogen x oxygen) means.




no. 1. The data in System no. 2 (Table 16) were interpreted to 
indicate that the number of NH^+-oxidizers in the rice rhizoplane was 
highest when no additional 0 was injected. Increasing the 
concentrations of added 0  ̂ into the atmospheric environment of the 
system did not increase the numbers of NH^ -oxidizers in the rice 
rhizoplane.
The relationships between the activities of NH^+-oxidizers in the
rice rhizoplane and the concentrations of added 0  ̂ injected into the
atmospheric environments in System no. 1 and System no. 2 are given in
Table 17. The results indicated that all the numbers of
NH^+-oxidizers in the rhizoplane of rice growing in System no. 1
tended to decrease with increasing concentrations of 0^. However,
there was no significant relationship obtained between the numbers of
NH^+-oxidizers and the concentrations of in the system. The
results obtained in System no. 2 indicated that the concentrations of
C> 2 did not significantly associate with a decrease or increase in the
numbers of NH^+-oxidizers in the rhizoplane of rice growing in the
(NH^j^SO^ treated and the Control soils. However, the concentrations
of O2  significantly and negatively associated (r = -0.9774*) with the
numbers of NH^+-oxidizers in the rhizoplane of rice growing in the
KNO^ treated soil. This relationship is shown in Figure 1. Figure 1
+suggested that the numbers of NH^ -oxidizers in the rhizoplane of rice 
growing in the KNC^ treated soil in System no. 2 were greatly
influenced by the concentrations of O2  in the atmospheric environment;
the numbers decreased with increasing concentrations of 0 2 *
The numbers of NO2  -oxidizers found in the same samples are
summarized in Tables 18 and 19. The results in both System no. 1 and
Table 17. Relationships^
concentrations
between the numbers of ammonium .oxidizers in the fine 
of added oxygen in System no. 1—  and System no. 2— .
rhizoplane and the
System Nitrogen source
Simple linear regression equations 
Y = a + b X r-values r^-values
No. 1
(nh4 )2 so4 Y = 10.1699 - 0.1461 X (x 104) -0.1422 0 . 0 2 0 2
KN02 Y = 1.5603 - 0.0161 X (x 104) -0.1208 0.0146
Control Y = 2.3363 - 0.0689 X (x 104) -0.6510 0.4238
No. 2
(nh4 )2 so4 Y = 16.5914 - 0.3739 X (x 104) -0.5491 0.3015
kno2 Y = 4.7656 - 0.1381 X (x 104) -0.9774* 0.9553*
Control Y = 1.0444 + 0.1085 X (x 104) 0.7886 0.6219
* = Significant at 5% level of probability
— Based on the data of Tables 15 and 16.
2 /—  System no. 1 is defined in Materials and Methods Section page 47.
3/—  System no. 2 is defined in Materials and Methods Section page 49.
4/ +—  Y represents the estimated numbers of NH^ -oxidizers, and X represents the concentrations of additional 
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Figure 1. Relationship between the numbers of NH^+-oxldlzers in the 
rhizoplane of rice grown in the KN0 2  treated soil and the 
concentrations of added oxygen in System no. 2.
Table 18. The numbers of nitrite oxidizers found in the rhizoplane of rice growing in a flooded Crowley
soil treated with different nitrogen sources in System no. 1.—
Additional oxygen injected (% of atm. air vol.)
Nitrogen source 0 10 15 20 25 30 Mean
V 10^ o ~ ^ roots - ,n4 -1 —  x 10 g roots —X U g
(NH4)2so4 5.59^ 8.72 21.79 1.76 6.26 4.37 8.08^
KN02 2.23 1.04 11.93 0.75 3.13 1.13 3.47
Control 5.16 1.92 0.96 2.16 2.53 2.64 2.33
Mean 4.65^ 3.89 11.56 1.56 3.97 2.71 -
—  System no. 1 is defined in Materials and Methods Section page 47.
2/ 4 -1—  No significant interaction at P = 0.05, and LSD (.50) = 3.46 x 10 g roots for any difference between 
the two treatment (nitrogen x oxygen) means.
3/ 4 - 1—  LSD (.50) = 1.41 x 10 g roots for any difference between the two Nitrogen's means.
4/ 4 - 1— LSD (.30) = 3.10 x 10 g roots for any difference between the two Oxygen's means.
VON3
Table 19. The numbers of nitrite oxidizers found in the rhizoplane of ties growing in a flooded Crowley
soil treated with different nitrogen sources in System no. 2.—
Nitrogen source




(nh4 )2 so4 6.97—
in4 - 1  
2.88 3.67 1.41
in4  - 1—  x 1 0  g roots —
3/3.7 3 **2 ./
KN02 0.39 0.96 0.34 0.71 0.60
Control 0.42 0.69 0.65 0.51 0.57
Mean 2.59^ 1.51 1.55 0 . 8 8 -
** = Significant at 1% level of probability.
— System no. 2 is defined in Materials and Methods Section page 49.
2/ 4 - 1—  No significant interaction at P = 0.05, and LSD (.10) = 2.39 x 10 g roots for any difference between 
the two treatment (nitrogen x oxygen) means.
3 / 4 1—  LSD (.01) = 2.05 x 10 g roots for any difference between the two Nitrogen's means.
4/ 4 - 1—  LSD (.50) = 0.54 x 10 g roots for any difference between the two Oxygen's means.
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the System no. 2 were interpreted to indicate that the numbers of 
NC> 2 -oxidizers found in the rhizoplane of rice growing in the 
(NH^J^SO^ treated soils were significantly higher than the numbers 
found in the KNO^ treated and the Control soils. No significant 
difference was found between the numbers of NC^ -oxidizers in the 
rhizoplane of rice growing in the KNC^ treated and the Control soils.
The data in System no. 1 (Table 18) was interpreted to indicate 
that the number of NC^ -oxidizers was highest at 15% added 
concentration of the system and declined with additional Oj. However, 
the results obtained in System no. 2 (Table 19) indicated that 
increasing the concentrations of added 0  ̂ into the atmospheric 
environment of the system did not increase the numbers of 
NO^ -oxidizers in the rice rhizoplane.
The relationships between the activities of NO^'-oxidizers in the
rice rhizoplane and the concentrations of additional injected into
the atmospheric environments in System no. 1 and System no. 2 are
given in Table 20. The results indicated that the numbers of
NC^ -oxidizers in the rhizoplane of rice growing in System no. 1
tended to decrease with Increasing concentration of C^. However,
there was no significant relationship obtained between the numbers of
NO2  -oxidizers and the concentrations of O2  in the system. The
results obtained in System no. 2 indicated that the numbers of
NO2  -oxidizers tended to decrease in the rhizoplane of rice growing in
(NH,)„S0. treated soil but tended to increase in KN0„ treated soil and 4 2 4 I
the Control soil with additional C^. There was no significant 
relationship obtained between the numbers of NC^ -oxidizers and the 
concentrations of added 0^ in System no. 2.
Table 20. Relationships^ between the numbers of nitrite^oxidizers in the rif̂ e rhizoplane and the 
concentrations of added oxygen in System no. 1—  and System no. 2.—
Simple linear regression equations
System Nitrogen source 4/Y = a + b X - r-values r^-values
No. 1
< » V 2so4 Y = 10.1203 - 0.1223 X (x 104) -0.1863 0.0347
rao2 Y = 3.9480 - 0.0348 X (x 104) -0.0837 0.0070
Control Y = 3.6170 - 0.0633 X (x 104) -0.4858 0.2360
No. 2
M 4)2so4 Y = 6.6075 - 0.2556 X (x 104) -0.9277 0.8606
kno2 Y = 0.5021 - 0.0087 X (x 104) 0.2569 0.0660
Control Y = 0.5025 + 0.0060 X (x 104) 0.3991 0.1593
— Based on the data of Tables 18 and 19.
2 /—  System no. 1 is defined in Materials and Methods Section page 47.
3/—  System no. 2 is defined in Materials and Methods Section page 49.
4/—  Y represents the estimated numbers of NO2  -oxidizers, and X represents the concentrations of additional 
oxygen injected into the systems.
VDLn
96
The data listed In Tables 15, 16, 18 and 19, and the results of 
simple linear regression and correlation analyses presented in Tables 
17 and 20 suggested that increasing the concentrations of added 0^, 
greater than actually found in air, In the environment around the rice 
plants growing in closed systems did not increase the nitrification in 
the rice rhizoplane. According to Alexander (1965), eventhough low or 
unnaturally high partial pressures of 0  ̂ suppress the organisms 
responsible for nitrification, the high rates of effective aeration 
are not required as suggested by the small amount of 0 £ demanded by 
Nitrosomonas and Nitrobacter spp., 1.5 and 0.5 moles, respectively, 
for the oxidation of one mole of their energy substrates.
Data in Tables 18 and 19 also indicated that eventhough NO^ -N 
(KfK^) was added to serve as an energy substrate and to increase the 
activities of N0 2 ~-oxidizers in the rice rhizoplane, the actual 
numbers of NO2  -oxidizers found there were very low. It may be that 
the added NO2  -N accumulated in the soils and was lost by chemical or 
biological denitrification. Smith and Chalk (1980b) found rapid 
fixation of added NO2  -N in the NO2  -N treated soils. Meek and 
Mackenzie (1965) and Bundy and Bremner (1974) found that NO2  -N 
accumulation was a necessary prerequisite for chemo-denitrification.
The accumulation of NO2  -N induced the synthesis of NO2  -reductase 
(Firestone, 1982). The chemo-nitrification of added NO2  -N in soil 
(Broadbent and Clark, 1965; Black, 1968) may inhibit the oxidation of 
added NO2  -N by NO2  -oxidizers. Thus, the N0^ -N formed along with 
the regenerated NO2  ~N in this chemical reaction may be lost by 
biological denitrification.
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Although the numbers of NO^ -oxidizers were found to be lower in 
the rhizoplane of rice growing in the treated soil than in the
(NH^J^SO^ treated soil (Tables 18 and 19), the numbers of denitrifiers 
were found to be higher in the rhizoplane of rice growing in the KNC^ 
treated soils compared with the (NH^^SO^ treated soils, Tables 21 and 
22. It may be that biological denitrification of added NC^-N 
contributed substantially to this biological reaction. The added 
NO2  -N may have accumulated in the soil, and this accumulation of 
NO^-N induced the synthesis of -reductase (Firestone, 1982). If 
the NC> 2 —N accumulated to high concentrations, it would reduce the 
efficiency of energy production coupled with NO^ -reduction in cells 
of denitrifiers (Nishimura et al., 1980). Therefore, this may be 
attributable to the high numbers of denitrifiers in the rhizoplane of 
rice growing in the KNC^ treated soils.
The relationships between the activities of denitrifiers in the 
rice rhizoplane and the concentrations of added C> 2 injected into the 
atmospheric environments in System no. 1 and System no. 2 are given in 
Table 23. The results indicated that no direct association occurred 
between denitrifiers and the concentrations of C> 2 in both systems. 
However, the results in System no. 2 indicated that there was an 
association between denitrifiers in the rhizoplane of rice growing in 
the KNO2  treated soil and concentrations of O^i increasing the 
concentrations of tended to increase the number of denitrifiers.
The results obtained in this study indicated that biological 
denitrification of NC^ -N rather than NO^ -N occurred in the 
rhizoplane of rice growing in the KNC> 2 treated soils in both System 
no. 1 and System no. 2. Reports of some Investigators agree with the
Table 21. The numbers of denitrifiers found in the rhizoplane of rj.ce growing in a flooded Crowley soil
treated with different nitrogen sources in System no. 1
Additional oxygen injected (% of atm. air vol.)
Nitrogen source 0 1 0 15 2 0 25 30 Mean
in7  - 1—  x 1 0  g roots —
( K V 2so4 4.32-^ 6.82 29.07 0.84 0.33 0.13 6.92—^
KN02 1.50 39.35 24.20 0.45 0.98 1.95 13.30
Mean 3.38- 23.09 26.63 0.71 0.65 1.04 -
—  System no. 1 is defined in Materials and Methods Section page 47.
2/ 7 -1—  No significant interaction at P = 0.05, and LSD (.30) = 9.02 x 10 g roots for any difference between 
the two treatment (nitrogen x oxygen) means.
3/ 7 - 1—  LSD (.50) = 3.19 x 10 g roots for any difference between the two Nitrogen's means.
— LSD (.10) = 14.32 x 10̂  g  ̂roots for any difference between the two Oxygen's means.
VO00
Table 22. The numbers of denitrifiers found in the rhizoplane of rice growing in a flooded Crowley soil








(NH4 )2 S0 4 5.30^
---- x 1 0 7  g * roots -----
2.40 0.35 2.33
—  x 1 0 7  g * roots —  
2.60^
kno2 13.55 22.01 28.41 51.52 28.87
Mean 9.42 12.20 14.38 38.64 -
—  System no. 2 is defined in Materials and Methods Section page 49.
2/ 7 -1—  No significant interaction at P = 0.05, and LSD (.50) = 12.56 x 10 g roots for any difference between 
the two treatment (nitrogen x oxygen) means.
3/ 7 —1—  LSD (.10) = 16.75 x 10 g roots for any difference between the two Nitrogen's means.
yo
Table 23. The relationships^ between the numbers of denitrifiers in the rice .rhizoplane and the 
concentrations of added oxygen in System no. 1—  and System no. 2.—
System Nitrogen source
Simple linear regression equations 
Y = a + b X - r-values r^-values
No. 1
(nh4 )2 so4 Y - 11.4495 - 0.2719 X (x 107) -0.2629 0.0691
KN02 Y = 19.7480 - 0.5006 X (x 107) -0.3277 0.1074
No. 2
<nh4 )2 so4 Y = 4.6999 - 0.1871 X (x 107) -0.7837 0.6141
kno2 Y = 9.4635 + 1.7252 X (x 107) 0.9050 0.8190
— 7 Based on the data of Tables 21 and 22.
2 /—  System no. 1 is defined in Materials and Methods Section page 47.
3/—  System no. 2 is defined in Materials and Methods Section page 49.
4 /—  Y represents the estimated numbers of denitrifiers, and X represents the concentrations of additional 
oxygen injected into the systems.
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results obtained In this study. In Thlobaclllus denltrifleans,
NO^ -reductase was synthesized at higher 0^ concentrations in the 
presence of NO^ -N than was N0^ -reductase (Justin and Kelley, 1978b). 
Accumulation of NO^ -N in the soil induced the synthesis of 
NC^-reductase (Firestone, 1982). The NO^'-N accumulated at high 
concentrations in the soil reduced the efficiency of energy production 
coupled with N0^ -reduction in cells of denitrifiers (Nishimura et 
al., 1980). Levels of N0^ - and NO2  -reductases are regulated in 
response to O2  tension, significant activities of NO^ -reductase being 
detected only in microaerophilically and anaerobically cultured 
bacteria (Justin and Kelley, 1978b). Nitrite-reductase was not as 
readily synthesized as N0^ -reductase under microaerophilic conditions 
(Swain et al., 1978; Zumft and Vega, 1979; Calder et al., 1980), 
suggesting that in these conditions there may be the lag in synthesis 
of NC^'-reductase due to differential O2  (Firestone, 1982). According 
to Firestone (1982), NO^'-reductase synthesized under microaerophilic 
conditions in several denitrifiers may be present in environment in 
which O2  availability is high enough to repress its activity.
However, as a microenvironment, most commonly inhibited by 
denitrifiers, becomes more anaerobic, the existing N0^ -reducing 
enzymes would be expected to become active. According to 
investigations of Zumft and Vega (1979), under anaerobic conditions 
NO2  -N was not used as electron acceptor unless was provided. The 
rhizoplane of rice growing in the KNO2  treated soil in this study was 
supposed to receive high concentrations of C> 2 through aerenchyma in 
the rice plants. Therefore, NC^ -reductase rather than N0^ -reductase 
could occur in the rice rhizoplane.
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■fRelationships between the microorganisms (NH^ -oxidizer, NS;
NO^ -oxidizer, NB; Denitrifier, DN) found in the rhizoplane of rice 
growing in soils treated with (NH^^SO^ and KNO2  in System no, 1 and 
System no, 2 are given in Table 24 and Figures 2 and 3. Results 
indicated that concentrations of O2  had an influence upon NS/NB 
relationships in the rhizoplane of rice growing in the (NH^^SO^ and 
the KNO2  treated soils in System no. 1 but had no significant 
influence in System no. 2. The significant correlation coefficients 
(r-values) between the NS/NB relationships in the rhizoplane of rice 
growing in the (NH^^SO^ and KNO2  treated soils in System no. 1 were 
r = 0.9239** and r = 0.9914**, respectively.
In System no. 1, only the NS/DN relationship in the rhizoplane of 
rice growing in the (NH^^SO^ treated soil was influenced by the 
concentrations of O2 ; the correlation coefficients of the NS/DN 
relationship was r = 0.9523**. In System no. 2, the O2  concentrations 
influenced the positive NS/DN relationship (r = 0.9080**) in the 
rhizoplane of rice growing in the (NH^^SO^ treated soil and 
influenced the negative NS/DN relationship (r = -0.9735**) in the 
rhizoplane of rice growing in the KNO2  treated soil.
The significant relationship of NB/DN, as influenced by 
concentrations of O2 , was found only in the rhizoplane of rice growing 
in the (NH^^SO^ treated soil, r = 0.9735**, in System no. 1; this 
relationship was not found to be significant in the other system.
Significant relationships between the NS/NB, NS/DN, and NB/DN as 
listed in Table 24 indicated that O2  concentrations and N sources as 
energy substrates for nitrifiers were related to these relationships 
in the rhizoplane of rice growing in System no. 1 (high atmospheric O2
Table 24. Relationships as shown by simple correlation coefficients (r) and coefficients of determination
(r ) between the activities of different microorganisms1in the rhizoplane of ,rice grown in soils
treated with different nitrogen sources in System no. 1—  and System no. 2.—
Microorganisms’ 
relationship
(nh4)2so4 treated soil kno2 treated soil
System no. 1 System no. 2 System no. 1 System no. 2
NS/NB^ r = 0.9239** r = 0.5607 r = 0.9914** r = -0.2399
r2 = 0.8536** r2 = 0.3144 r2 = 0.9828** r2 = 0.0576
NS/DN^ r * 0.9523** r = 0.9080** r = 0.2731 r = -0.9735**
r2 = 0.9068** r2 = 0.8244** r2 = 0.0746 r2 = 0.9477**
NB/DN^ r = 0.9735** r = 0.6726 r = 0.3056 r = 0.2382
r2 = 0.9477** r2 = 0.4523 r2 = 0.0934 r2 = 0.0568
** = significant at 1% level of probability.
—  ̂System no. 1 is defined in Materials and Methods Section page 47. 
2 /— System no. 2 is defined in Materials and Methods Section page 49.
3 / + —— NS/NB = NH^ -oxidizer/NO^ -oxidizer relationship.
4/ +—  NS/DN = NH^ -oxidizer/Denitrifier relationship.
— NB/DN = NC> 2 -oxidizer/Denitrifier relationship.
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Figure 2. Relationships between the activities of different microorganisms in the rhizoplane of rice 
grown in (NH^J^SO^ treated soils as influenced by concentrations of additional oxygen in 
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Figure 3. Relationships between the activities of different microorganisms in the rhizoplane of rice
grown in treated soils as influenced by concentrations of additional oxygen in System


























concentration) and in System no. 2 (limited atmospheric 
concentration) as follows:
1. In high atmospheric C> 2 condition (System no. 1), the 
activities of -oxidizers were directly related to the activities
of NH.+-oxidizers in (NH.)„S0, and KN0„ treated soils. This4 4 2 4 2
relationship of activities was not present in the limited atmospheric 
0^ condition (System no. 2).
2. In high atmospheric 0^ condition (System no. 1), the 
activities of denitrifiers were directly related to the activities of 
NH^+-oxidizers only in the (NH^^SO^ treated soil; this relationship 
of activities did not occur in the KNO^ treated soil. This indicated 
that the biological denitrification of NO^ -N formed by NH^+-oxidizers 
occurred in the (NH^^SO^ treated soil when the atmospheric C> 2 was 
high. In limited atmospheric 0  ̂condition (System no. 2), the 
activities of denitrifiers were positively related to the activities 
of NH^+-oxidizers in the (NH^^SO^ treated soil and negatively related 
in the treated soil. This indicated that when atmospheric 0^ is
limited, biological denitrification occurred with the NC^ -N formed by 
NH^+-oxidizers in the (NH^^SO^ treated soil and with the added NC> 2 -N 
in the KNC^ treated soil.
3. In high atmospheric condition (System no. 1), the 
activities of denitrifiers were directly related to the activities of 
NC> 2 -oxidizers in the (NH^^SO^ treated soil; this relationship did 
not occur in the KNC^ treated soil. In limited atmospheric 0^ 
condition (System no. 2), no direct relationships between the 
activities of denitrifiers and the activities of NC^ -oxidizers 
occurred in both the (NH^^SO^ and KNC^ treated soils. These results
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Indicated that the NH^+-N treated soil and the high atmospheric 0^ 
concentration influenced the biological denitrification of NO^ -N 
formed by nitrification in the rice rhizoplane, in addition to the 
biological denitrification of NO^ -N formed by the first step of 
nitrification as in the case of NS/DN relationship.
Data in Table 25 were interpreted to indicate that concentrations 
of O 2 injected into the environment in System no. 1 correlated with 
the growth of rice grown in the (NH^J^SO^ and the KNO^ treated and the 
Control soils. Increasing the concentrations of in the system 
increased the dry matter weight of rice plant tops. Ammonium sulfate 
treated soil produced a significantly greater growth of rice plant 
tops than did the KNC^ treated soil. These results agree well with 
the results studied by Patrick and Sturgis (1955). They found that 
bubbling free C>2 through the soil and flood water caused an increase
'fr*in the growth of rice. They also found that NH^ -N produced a greater 
growth of rice plants than did NO^ -N, and a greater amount of N was 
absorbed by the rice plants from NH^ -N source than from NO^ -N source 
of N.
The results of simple linear regression and correlation analyses
presented in Figure 4 indicated that, in System no. 1, growth of rice
plants in the Control and the KNO^ treated soils significantly
increased with additional C^. Tops of rice plants grown in the
(NH^J^SO^ treated soil tended to increase with increasing
concentrations of 0^ in the system. The associations between 0^
concentrations and tops of rice plants grown in the (NH^J^SO^ and
2 2treated soils and the Control soil were r = 0.A66A, r = 0.6908* and 
2r = 0.8783**, respectively.
Table 25. Oven-dry weights of rice plant tops grown in a flooded Crowley soil in System no. 1.—^
Additional oxygenl injected (% of atm. air vol.)
Nitrogen source 0 10 15 20 25 30 Mean
-1 —  mg pot  ̂—mg
(nh4)2so4 2/237.5=-' 207.9 293.0 586.0 444.4 410.9 3/363.3**-
KN02 143.3 199.4 196.8 328.9 234.7 441.9 257.3
Control 160.6 176.1 229.1 310.8 292.5 392.8 260.3
Mean 4/180.1**- 194.5 239.6 408.6 323.9 415.2 -
** = Significant at 1% level of probability.
—  System no. 1 is defined in Materials and Methods Section page 47.
2 /  -1—  No significant interaction at P = 0.05, and LSD (.01) = 154.8 mg pot for any difference between the two 
treatment (nitrogen x oxygen) means.
3/ —1—  LSD (.01) = 63.2 mg pot for any difference between the two Nitrogen's means.
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Figure 4. Relationships between the dry matter of rice plant tops
grown in soils treated with different nitrogen sources and 
the concentrations of additional oxygen in System no. 1.
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VI. Nitrification In Solis Incubated with Ammonium Sulfate under 
Aerobic and Anaerobic Conditions.
Crowley soil samples were treated with an adequate amount of
4- - 1(NH^^SO^ solutions to obtain 38 or 50 mg NĤ . -N kg soil and 
incubated under both aerobic and anaerobic conditions. Gains and 
losses of N0^ -N and NH^+-N were determined throughout 42 days of 
incubation.
The results in Figure 5 were interpreted to indicate 
nitrification of NH^+-N under aerobic conditions. Nitrate-nitrogen 
concentrations increased with time of incubations. Greater gains of
N0^ -N were obtained from the 50 mg NH^+-N kg  ̂ soil than from 38 mg
+ —1 +NH^ -N kg soil. The results obtained from both NH^ -N treated soils
showed sigmoid curves of biological nitrification with exponential
increases of NO^ -N concentration occurring between 7 and 28 days of
incubation.
Figure 6 shows the results of NH^+-N losses in soils incubated 
with (NH^^SO^ solutions under aerobic conditions. The data were 
interpreted to indicate that the NH^+-N concentrations in both NH^+-N 
treated soils decreased with time of incubations through 42 days of 
incubation. There was a faster rate of NH^+-N losses in the 50 mg 
NH^+-N kg * soil than in the 38 mg NH^+-N kg  ̂ soil.
The NH^ -N losses in both soils were highly significant within 
the period of 28 days of incubation and no significant losses were
■j*detected after the 28-day incubation. Most of the NH^ -N in both 
soils had disappeared by the end of the 28-day incubation. Results in 
the 38 mg NH^+-N kg  ̂ soil showed pseudo zero-order reaction kinetics 
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5. Nitrate-nitrogen gain in a Crowley silt loam soil incubated
with ammonium sulfate under aerobic conditions.
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Figure 6. Ammonium-nitrogen loss in a Crowley silt loam soil
incubated with ammonium sulfate under aerobic conditions.
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kinetics was noted. The zero-order and first-order disappearances of 
NH^+-N in the soil systems were apparent during 28 days of incubation 
as shown in Figure 7. The zero-order kinetic equation describing the 







Co = initial concentration of NH^+-N in soil, mg kg 
C = final concentration of NH^+-N in soil, mg kg 
t = time, day;
+ -1 -1 k = rate constant of NIÎ  -N disappearance, mg kg day
The first-order kinetic equation describing the concentration of




In (Co/C) = kt. [12]
The rate constant for the apparent zero-order disappearance of NH^ -N
in the 38 mg NH^+-N kg  ̂ soil was directly related to the initial
concentration of NH^ -N in the soil, but was independent of the
concentration of NH^+-N in the soil during the kinetic experiment.
The calculated rate constant for the zero order (Figure 7c) was k =
0.5585 day The rate constant for the apparent first-order
disappearance of NH^+-N in the 50 mg NH^+-N kg~^ soil was related to
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Figure 7. Rate of disappearance of annnonium-nitrogen as affected by applied ammonium-nitrogen in a 
Crowley silt loam soil incubated under aerobic conditions.
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soil incubation. The calculated rate constant for the first-order 
(Figure 7b) was k = 0.0568 day
The results of this study were interpreted to indicate that under 
aerobic condition the disappearance of NH^+-N caused by nitrification 
in a soil containing the lower concentration of NH^+-N followed 
zero-order reaction kinetics. The disappearance of NH^ -N from a soil 
containing higher concentrations of NH^+-N followed first-order 
reaction kinetics. Kruh and Segall (1981) reported that the rate at 
which NH^+-N leaves an aerobic soil system differs from the rate of 
N0^~-N formation. The disappearance rate is:
d[NH4+] 
dt
which represent a zero-degree pseudo-kinetic equation. Therefore, the
total amount of NH4+-N is correlated with the (initial) NH4+-N
concentration in the soil (e.g. from fertilizers and from the
mineralization). Bhat et al. (1981) studied a model for predicting
the various transformations undergone in the soil by N applied in farm
wastes. Their studies suggested that the conversion of NH4+-N to
N0^_-N followed a zero order reaction kinetics.
In both of the NH4+-N treated soils, the NO^ -N concentration had
inverse relationship with the NH4+-N concentration. The NO^ -N
concentraions increased while the NH.+-N concentrations decreased with4
time of incubations. The correlation coefficients obtained between 
the NO^ -N and NH4+-N concentrations for the data reported in Figures 
5 and 6 were highly significant and negative with the values of 
r = -0.9817** and r = -0.8956** for the 38 and 50 mg NH^ -N kg * 
soils, respectively, as presented in Table 26.
Table 26. Relationships between the concentrations of nitrate-nitrogen and ammonium-nitrogen in soil 
samples incubated with ammonium sulfate under aerobic conditions.
NO “-N and NH,+-N 3 4 found in soils
38 mg NH4+-N kg-1 soil 50 mg NH4+-N kg-1 soil
Days of incubation n o3”-n^ + 2/ NH. -N— 4 no3“-n NH,+-N 4
-N m- NH + N —.4
0 107.5 23.3 106.5 36.5
1 110.0 23.2 112.0 31.0
5 128.0 22,7 123.5 21.0
7 137.0 18.2 134.5 21.1
14 207.5 16.5 236.5 16.1
21 310.5 11.2 367.0 10.7
28 379.0 7.7 424.0 7.2
35 406.0 7.2 456.0 9.2
42 413.5 7.9 459.0 8.1
Correlation coefficient r = -0.9817** r = -0.8956**
** = Significant at 1% level of probability.
~  Determined by Phenoldisulfonic acid method.
2 /—  Extracted with water and determined by Nessler's reagent.
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mmFigure 8 showed the NO^ -N losses In NH^ -N treated soils 
incubated under an anaerobic condition. Nitrate-reduction was rapid 
regardless of the initial concentration of NH^+-N present in the soil. 
Both NO^ -N losses in 38 and 50 mg NH^+-N kg  ̂ soils followed the 




C = Co-kt [14]
where
Co = initial concentration of NO^ -N in soil, mg kg
C = final concentration of N0^ -N in soil, mg kg
t = time, day;
k = rate constant of NO^ -N disappearance, mg kg  ̂day 
The apparent zero-order reduction of NO^ -N occurred within 5 days of 
incubation under anaerobic conditions. After 5 days of incubation, 
the N0^ -N concentraion reached the lowest concentrations and no 
further reduction occurred.
Donor et al. (1974) leached Hanford sandy loam with NO^ -N for 3 
weeks; quasi-steady state conditions were obtained during the last 12 
days of the experiment. They concluded that denitrification followed 
zero-order kinetics until the N0^ -N concentration reached some low 
concentration below which the order of reaction of denitrification was 
other than zero order. The data of Patrick (1960) showed 
denitrification to be a zero-order reaction when an aqueous suspension 
of soil plus NO^ -N is agitated'without floodwater and maintained 
under anaerobic conditions. Reddy et al. (1978) and Phillips et al.
(1978) have also reported that NO^ -reduction under anaerobic soil 
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Figure 8. Nitrate-nitrogen loss in a Crowley silt loam soil incubated
with ammonium sulfate under anaerobic conditions.
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Figure 9 shows the gain and loss of NH^ -N in soils incubated 
with added NH,+-N under anaerobic conditions. The results were 
interpreted to indicate that the NH^+-N concentrations in the soils 
increased during the first days of incubation and then decreased. The 
greater gain of NH^+-N was obtained in the soil treated with the lower 
concentration of NH^ -N. The increase in NH^ -N concentrations during 
the first days of anaerobic incubations may have resulted from 
anaerobic mineralization of organic N compounds to inorganic N forms. 
Mineralization can occur in both oxidized and reduced soils, but the 
transformation of organic N in flooded soils does not proceed beyond 
the NH^+-N stage because of the lack of for nitrification to NO.̂  -N 
(Tusneem and Patrick, 1971; Ponnamperuma, 1972). Ammonium-nitrogen, 
therefore, accumulates in anaerobic soils (Ponnamperuma, 1972) unless 
it is taken up by plants. Bhuyiyan, Lopez, and Galvez as quoted by 
Tusneem and Patrick (1971) reported that flooding increased the 
quantity of NH^ -N in the soil solution to a maximum level, after 
which no appreciable change occurred. Almost all the mineralizable N 
in a soil is converted to NH^+~N within 2 weeks of submergence if the 
temperature is favorable, the soil is not strongly acid or very 
deficient in available P (Ponnamperuma, 1972).
The losses of NH. -N from soils under anaerobic incubation in
this study may be attributable to the nitrification-denitrification
process. According to Reddy et al. (1976), the NH^+-N diffusion in a
+flooded soil caused a N loss through this process. The NH^ -N that 
diffused upward from the anaerobic soil layer into the aerobic soil 
layer was nitrified to NO^ -N, which readily diffused back down into 






















4  22 84
Tl  ME I da y s I
Figure 9. Ammonium-nitrogen gain and loss in a Crowley silt loam soil
incubated with ammonium sulfate under anaerobic conditions.
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Tracer investigation (IRRI, 1965) on the fate of (NH^^SO^ incubated 
in soil under submerged conditions showed that considerable losses of 
applied NH^+-N was due to denitrification. The losses of N occurred 
from a flooded soil even after four weeks of submergence.
VII. Nitrification in Soils as Affected by Applied Ammonium-Nitrogen
and Rice Plants Growing under Aerobic Conditions.
Nitrification occurring in aerobic soils both with and without
added NH^ -N and with and without rice plants was studied in a pot
experiment in the greenhouse. In the NH^+-N applied soils, the soils
were treated with an adequate amount of (NH^J^SO^ solution to bring 
-1 +them to 50 mg kg of NH^ -N and field capacity conditions. In the 
Control soils (without applied NH^+-N), the soils were treated with 
distilled water to bring them to field capacity. After 1 day of 
equilibration, 1-month old rice seedlings were transplanted into some 
of the soils. Both the planted soils and the unplanted soils were 
maintained at field capacity during the experiment. Nitrifications in 
the soils and in the rice rhizoplane were determined.
Table 27 contains a summary of these data. The results were 
interpreted to indicate that the NO^ -N concentrations in the soil 
with appplied NH^+-N were significantly greater than in the Control 
soil. In both the NH^+-N applied and the Control soils, the NO^ -N 
concentrations were higher in the soils without rice plants than in 
the soils planted to rice plants. The data indicated that the growing 
rice plants appeared to take up much NO^ -N in the soils or depress 
rate of nitrification or reduce NO^ -N by stimulating denitrification.
The results obtained in this study agree with the reports of some 
investigators regarding nltrification-denitrification in aerobic
Table 27. Nitrate-nitrogen concentrations In soils as affected by applied ammonium-nitrogen and growing 




. -1---  mg kg -- -------  mg N0^ -N kg  ̂- —  mg NO^ -N kg 1 —
50 107.2 113.3 110.2**-^
Control 33.7 59.7 46.7
Mean 2/70.4*-=- 86.5 -
* = Significant at 5% level of probability; ** = significant at 1% level of probability.
—  LSD (.01) = 13.5 mg N0^ -N kg  ̂for the difference between the two NH^+-N Treatment's means.
2/ — —1—  LSD (.05) = 10.0 mg NO^ -N kg for the difference between the two Rice growing condition's means.
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soils. Russell (1973) reported that NO^ -N are always lower in a 
cropped soil than under a fallow soil because the crop will be taking 
up NO^ -N from the soil in which it is growing. He reported there is 
considerable evidence that the crop appears to depress the rate of 
nitrification in the soil. Nitrification and denitrification can take 
place simultaneously in the same aerobic soil when it is at field 
capacity (Arnold, 1954; Greenland, 1962). Galsworthy et al. (1978) 
reported that the substrates exuded from the roots may cause a 
dramatic change in microbial activity within a volume of soil. This 
is especially true for the growth of microbial population in the bulk 
soil. They may be limited by substrates for much of the time. This 
causes a stimulation of denitrification by the presence of plants.
This stimulation is apparently independent of other soil properties.
It is most pronounced when the soil is near field capacity (Stefanson 
and Greenland, 1970).
Table 28 indicated that the N0^ -N concentrations in the soils
•fwith and without applied NH^ -N and with and without rice plants were 
highest at the 14-day period after transplanting. The relationships 
between the numbers of nitrifiers in the rice rhizoplane and the 
N0^_-N concentrations of the soil growing rice plants under aerobic 
conditions were presented in Figure 10. The results were interpreted 
to indicate that the increase of nitrifiers in the rice rhizoplane was 
proportional to the increase of NO^ -N found in the soil growing rice 
plants. Nitrification was highest at the 14-day period after 
transplanting rice plants and decreased thereafter. Numbers of both
■f WNH^ -oxidizers and NO^ -oxidizers in the rice rhizoplane were
2 -significantly correlated, r = 0.7937*, while the NO^ -oxidizers found
Table 28. Effects of applied ammonium-nitrogen and growing rice plants on nitrate-nitrogen concentrations 
in soils under aerobic conditions.
Nitrate-nitrogen concentrations-^ in soils
50 mg NH^+-N kg  ̂ soil Control
Time w/plant w/o plant Mean w/plant w/o plant Mean
, -1 . -1aay
7 83.7 89.6 86.1 55.0 57.6 56.3
14 186.8 248.5 217.6 68.2 95.4 81.8
21 73.7 97.2 85.4 28.1 47.4 37.8
28 100.1 95.8 97.9 19.1 55.6 37.4
35 103.2 80.5 91.9 13.4 68.1 40.8
42 95.8 68.0 81.9 17.9 34.0 26.0
LSD (0.30) — — 19.8 14.0
(0.05) 32.2 22.8 - -
(0.01) 45.5 32.1
—  Nitrate-nitrogen concentrations of soils at zero day were 8.3 and 8.0 mg N0^ -N kg  ̂ in 50 mg NH^+-N kg * 
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Figure 10. Relationships between Nitrosomonas and Nitrobacter in the 
rice rhizoplane and the NO^-N concentrations of soil 










in the rice rhizoplane were significantly correlated with the NO^ -N
2found in the soil growing rice plants, r = 0.8798*.
The data on the NH^+-N concentrations in soils as affected by
applied NĤ .+-N and growing rice plants at different growth periods
under aerobic conditions are summarized in Table 29. The results were
interpreted to indicate that the NH^+-N concentrations in soils with
and without applied NH^+-N decreased gradually with time regardless of
+whether rice plants were grown. The NH^ -N concentrations in both the
NH^+-N applied soil and the Control soil decreased as time after
transplanting increased. The NH^+-N concentrations in both soils with
and without rice plants decreased with increasing time until they
reached a relatively low and constant concentration at about 35 days
after the transplanting time. The rates of NH^+-N concentrations
decreasing with time were 0.6316 and 0.2046 mg NH^+-N kg  ̂day  ̂for
the NH^+-N applied and the Control soils, respectively, (Figure 11).
The results in Figure 11 were interpreted to indicate that the
NH^+-N concentrations in the experimental soils were significantly and
negatively correlated with the periods of rice plant growth after
transplanting time. These highly significant and negative
coefficients of correlation were r = -0.9726** and r = -0.9197** for
soils applied with and without NH^+-N, respectively.
The relationships between NH^+-N concentrations in the soil
growing rice plants and the dry matter of tops of rice plants growing
under aerobic conditions are presented in Figure 12. The results were
interpreted to indicate that there were relationships between the dry
matter of tops of rice plants growing on the NH^ -N applied and the
Control soils and the NH.+-N concentrations found in both soils. The4
Table 29. Ammonium-nitrogen concentrations in soils as affected by applied ammonium-nitrogen and growing 
rice plants under aerobic conditions.
Ammonium-nitrogen concentrations^ in soils
50 mg NH^+-N kg 1 soil Control
Time w/plant w/o plant w/plant w/o plant Mean
day + -1M U  V J  . —  mg NH4+N kg"1 —— ------  — —  mg
7 26.2 21.9 11.2 9.9 17.3 a*&
14 19.5 21.9 9.2 9.5 15.0 b
21 9.1 11.4 8.9 9.7 9.8 c
28 9.7 8.7 8.2 8.2 8.7 c
35 3.2 3.1 2.9 3.0 3.1 d
42 3.3 3.2 3.1 3.2 3.2 d
Mean 11.8** a 7.3 b
Planted to rice Yes No
9.6 9.5
—  ^mmonium-nitrogen concentrations of soils at zero day were 26.8 and 11.2 mg NH^ -N kg in 50 mg NH^ -N 
kg and Control soils, respectively.
—  Any two means with the same letter do not differ significantly according to Duncan's Multiple Range Test 
at 0.05 P (*) and 0.01 (**).
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Figure 11. Ammonium-nitrogen losses in a Crowley silt loam soil with 
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Figure 12. Relationships between ammonium-nitrogen concentrations in the soil growing rice plants and
j— idry matters of rice plant tops under aerobic conditions. fo
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+ 2values for the NH^ -N/rice plant top relationship were r = 0.8877**
2 +and r = 0.8934** for the NH^ -N applied and the Control soils,
respectively. The NH^+-N concentrations in the soils decreased while 
the rice plant tops increased with time after transplanting the rice 
plants. The values of the correlation coefficients obtained between 
the NH^+-N concentrations and the time after transplanting were 
r = -0.9612** and r = -0.9296** and between the rice plant tops and 
the time after transplanting were r = 0.9732** and r = 0.9570** for
4*soils applied with and without NH^ -N, respectively.
VIII. Isolations of Nitrifying Bacteria from the Rhizoplane of Rice 
Grown in Soils under Flooded Conditions 
Roots of rice grown in a flooded Crowley silt loam soil were 
washed free of soil. The rice roots were shaken with sterilized, 
distilled water and the presence of nitrifying bacteria in the 
rhizoplane was determined by the MPN method (Black et al., 1965).
These suspensions were used to isolate cultures of NH^ -oxidizer or 
NC> 2 -oxidizer. The nitrifiers were gram stained.
Figure 13 and 14 showed the electron micrographs of cells of 
NH^+-oxidizer (Nitrosomonas) and NO^ -oxidizer (Nitrobacter), 
respectively. These results were interpreted to indicate that the 
nitrifying bacteria can survive in the rhizoplane of rice plants grown 
in soils under flooded conditions. These may have resulted from the 
rice plants' ability to transport 0^ from the atmosphere through the 
leaves and stems to roots under flooded conditions. This system of 
carrying air to the roots has been reported by several workers 
(Convay, 1940; Sifton, 1945; Armstrong, 1967, 1969, 1970; Hardy et 
al., 1968). This supply of 0^ is necessary for the oxidation of
Figure 13. Electron micrograph of cells of the NH^+-oxidizing
bacteria isolated from the rhizoplane of rice grown in 
soils under flooded conditions. Magnification 10,000X.
Figure 14. Electron micrograph of cells of the NC^ -oxidizing
bacteria isolated from the rhizoplane of rice grown in 
soils under flooded conditions. Magnification 10.000X,
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NH^+-N and NO^ -N In the rice rhizoplane under flooded conditions by
the NH,+- and N0„ -oxidizers.4 Z
SUMMARY AND CONCLUSIONS
Investigations into nitrification on the rice root and in the 
surrounding flooded soil were conducted in the laboratory and 
greenhouse. Crowley silt loam soil and rice (Oryza sativa L.), 
cultivar Saturn, were used in these studies. The objectives of these 
studies were to determine 1) if nitrifying bacteria were present on 
rice roots, in the rhizosphere, and in the non-rhizosphere soil;
2) nitrification rates on rice roots and in soils as affected by N 
sources under flooded conditions; 3) nitrification rates on rice roots 
as affected by sources of N and concentrations of added 0^ in the 
atmospheric environment around the rice plants under flooded 
conditions; and 4) effect of NH^+-N on the nitrification on rice roots 
and in soils with and without growing rice plants under aerobic and 
anaerobic conditions.
+ —Nitrifying bacteria, both NH^ -oxidizers and NO^ -oxidizers, were
found in the rice rhizoplane, and the rhizosphere and non-rhizosphere
soil growing rice plants under flooded conditions. The existence of
nitrifiers in the rice rhizosphere was interpreted to indicate that
there could be sufficient 0^ for nitrification to take place on the
rice roots under flooded conditions. The nitrifiers, both
+ •*NH^ -oxidizers and NC^ -oxidizers, were found to be greater in the
rice rhizoplane than in the rhizosphere. This may have resulted from 
the high root hair densities of the rice plants. Root hairs could 
increase the total area of the aerobic rhizoplane and create favorable 
conditions for nitrification. The rice rhizoplane had much more 
influence upon the nitrification than the rhizosphere as suggested by
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high Rp/Rs (rhizoplane to rhizosphere) values of 13.8 and 17.5 for
NH^+-oxidizers and NO^ -oxidizers, respectively. The low numbers of
nitrifiers in the rhizosphere may have resulted from the stimulation
of denitrification rather than nitrification by organic matter from
plant roots. This occurred by plant roots taking up 0^ and secreting
organic substances which can serve as hydrogen donors in
N0^ -reduction (Woldendorp et al., 1966; Woldendorp, 1968; Firestone,
1982). The numbers of NH^+-oxidizers were found higher than
NC^ -oxidizers in the upper non-rhizosphere soil. This may have
resulted from the small amount of 0^ which diffused through the
floodwater to the soil surface and stimulated NH,+-oxidizers'4
activities (Dunigan and DeLaune, 1977).
Nitrification in the rice rhizoplane and non-rhizosphere soil 
with growing rice plants was found greatest at the heading growth 
stage of rice plants. Large numbers of nitrifiers were found in the
rice rhizoplane as compared to the non-rhizosphere soil. The pH
generated from the fertilizer applied into soil affected the 
activities of the nitrifiers in both the rice rhizoplane and 
non-rhizosphere soil. The nitrifying activities of NH^+-oxidizers 
were found higher in the nonfertilized compared to the (NH^^SO^ 
fertilized rice rhizoplanes. The applied (NH^^SO^ fertilizer lowered 
the pH of the soil containing the rice plants to a more acid pH. This
low pH in the soil may have reduced the activities of the
NH^+-oxidizers in the fertilized rice rhizoplane, since autotrophic
«(» *4*NH^ -oxidizers are sensitive to acidity and NH^ -oxidation is
inhibited by low pH (Wilson, 1928; Morrill, 1959). A high
concentration of NH^+-N in the soil could enhance a passive uptake of
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+N by rice plants, thus nitrification by NH^ -oxidizers was found to be
less in the fertilized than the nonfertilized rice rhizoplanes. The
lower pH generated by the (NH^J^SO^ fertilizer applied into soil did
not directly affect the activities of NO^ -oxidizers in the fertilized
rice rhizoplane. The low numbers of NO2  -oxidizers found in the rice
rhizoplane may have resulted from the exudates of rice plant roots
reducing the rate of nitrification and stimulating the denitrification
of NO^ -N in the rice rhizoplane instead.
The nitrifying activities of NH^ -oxidizers were found to be
higher in the (NH^^SO^ fertilized than the nonfertilized
non-rhizosphere soils. The activities of NC^ -oxidizers were found to
be low in both the non-rhizosphere soils, but the activities tended to
be higher in the fertilized than the nonfertilized soils. The lower
pH generated by the applied (NH^J^SO^ seemed to affect the
M  *4*NO2  -oxidizers rather than the NH^ -oxidizers in the fertilized
non-rhizosphere soil. Ammonium sulfate may provide the NH^+-substrate
■(*for NH, -oxidizers: therefore, the rate of nitrification had been 4
increased in the (NH^^SO^ fertilized non-rhizosphere soils. However, 
this nitrification may occur in oxidized layers of the non-rhizosphere 
soils. The rate of nitrification in the fertilized non-rhizosphere 
soil was greatly enhanced by the added NH^+-N (Yoshida and Padre,
1974) .
Ammonium sulfate or NaNC^ injected into the soil with growing
rice plants under flooded conditions did not increase the activities
+of nitrifiers in the rice rhizoplane. Both NH^ -oxidizers and 
NC> 2 -oxidizers were lower in the rhizoplane of rice growing in the 
soil injected with (NH^^SO^ than in the soil injected with NaNC^.
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The numbers of nitrifiers in the rice rhizoplane decreased with time 
after the injections. The injection of (NH^^SO^ decreased the soil 
pH whereas the injection of NaNO^ increased the soil pH. Therefore, 
the low pH in the soil due to injection of (NH^^SO^ could affect the 
pH in the rice rhizoplane. The high concentration of NH^+-N rapidly 
lowered the pH in the plant rhizosphere (Egmond, 1978). This low pH 
caused nitrification to proceed slowly (Alexander, 1965, 1977). 
Therefore, the activities of nitrifiers in the rice rhizoplane may 
have been affected since the nitrifiers prefer neutral to alkaline 
soil pH values.
Sodium nitrite injected into the soil growing rice plants 
increased the numbers of NH^ -oxidizers greatly in the non-rhizosphere 
soil at 1 day after the injection but values declined sharply 
thereafter. The injection of (NH^)^SO^ did not increase the numbers 
of NH^+-oxidlzers in the non-rhizosphere soil but rather decreased the 
numbers instead. The NaNO^ injected into the soil raised the pH of 
the non-rhizosphere soil making it favorable for the nitrifying 
activities of the NH^+-oxidizers. However, the numbers of 
NC> 2 -oxidizers found in the non-rhizosphere soils injected with 
(NH^)2^0^ and NaNO^ were comparatively low. The numbers of 
NO2  -oxidizers in all injected soils were highest at 1 day after the 
injections and then decreased to a constant and low number thereafter. 
The low numbers of NC^ -oxidizers found in the non-rhizosphere soil 
injected with NaNC^ may have resulted from the accumulation of added 
and formed NC> 2 -N in the NĤ .+-oxldation (Smith and Chalk, 1980b) .
This accumulation of NO2  -N then leads to a chemical transformation of
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NC> 2 -N by chemo-denltrlfication of accumulated NO^ -N (Meek and 
Mackenzie, 1965; Bundy and Bremner, 1974; Smith and Chalk, 1980a).
Ammonium sulfate and NaNt^ incubated in soils without rice plants 
under flooded conditions did not increase nitrifiers (NH^+- and 
NO^ -oxidizers) in the soils during 10 days of incubations. However, 
the numbers of NH^+- and NO^ -oxidizers found immediately (zero day) 
after the addition of (NH^^SO^ or NaNO^ were higher than the numbers
found on any of the succeeding days of incubation. These high numbers
+ + may have resulted from the NH^ ion in (NH^^SO^ and Na ion in NaNO^
replacing adsorbed organisms from colloidal sites including NH^+- and
NO2  -oxidizers adhered on the surface of these soil colloids into the
soil solution. These high numbers of nitrifiers found in the soils,
however, decreased to a constant and low number throughout the
incubation period of 10 days. Denitrifiers were greatest at 5 days
after flooded incubation with NaN0 2  and decreased to the lowest values
at 10 days of the incubation. Increases in the numbers of
denitrifiers during 5 days of the incubation may have resulted from
favorable conditions such as absence of ©2 * high pH, and a more
available substrate from added NC^ -N for the denitrification to
occur. Incubation of soil with (NH^^SO^ under flooded conditions
decreased denitrifiers in the soil. This may have resulted from the
low pH effect or no available energy substrate for denitrification in
the soil. No nitrification due to oxidation of added NH,+-N was4
observed in the soil.
Sources of N added to soils, and concentrations of C> 2 added to 
the environment of the growing rice plants affected the activities of 
nitrifiers and denitrifiers in the rice rhizoplane of these closed
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systems. In the closed system which high concentrations of were
added to the environment of the growing rice plants, the numbers of 
+ —NH^ - and NO^ -oxidizers in the rhizoplane of rice growing in
(NH^)2$0^ and KN0o treated soils increased with additional 02 up to
the highest numbers at 15% additional 0^. These numbers of NH^+- and
NO^ -oxidizers then decreased with further increasing concentrations
of C>2 . However, in the closed system where only limited
concentrations of 0^ could be added to the environment of the growing
+ —rice plants, the numbers of NH^ - and N0^ -oxidizers in rhizoplane of 
rice growing in (NH^^SO^ and KNC^ treated soils decreased with 
increasing concentrations of added 0^.
The numbers of NH^+- and NC^ -oxidizers in the rhizoplane of rice 
growing in the (NH^^SO^ treated soils in both systems apparently 
Increased over the numbers found in the KNC^ treated soils. Even 
though the NC^^N was added to serve as an energy substrate for the 
NO2  -oxidizers in the rice rhizoplane, the actual numbers of 
NO2  -oxidizers found in this study were very low. This may have 
resulted from the accumulation of added Nt^ -N (Smith and Chalk, 
1980b), and this NO2  -N undergoes the chemical transformation by 
chemo-denitrification (Meek and Mackenzie, 1965; Bundy and Bremner, 
1974). The results of these studies were interpreted to indicate that 
increasing the concentrations of added O2  to the environment of the 
growing rice plants in a closed system did not increase nitrification 
in the rice rhizoplane. This may have resulted because the nitrifiers 
do not require high rates of effective aeration for their activities. 
This was suggested by the small amount of O2  demanded by Nitrosomonas
140
and Nitrobacter spp.t 1.5 and 0.5 moles, respectively, for the 
oxidation of one mole of their energy substrates (Alexander, 1965).
In the closed system with high concentrations of added the 
denitrifiers in the rhizoplane of rice growing in (NH^^SO^ and KNC^ 
treated soils increased with additional 0^ to the highest numbers at 
10 to 15% additional 02* As the concentrations of added O2  increased 
the numbers of denitrifiers decreased. This was interpreted to 
indicate that denitrifiers can grow efficiently under normal aerobic 
conditions (Justin and Kelley, 1978a; Nishimura et al., 1980), but 
that higher 0^ conditions repress or inactivate the activities of 
NO2  - and NOg -reductases (Justin and Kelley, 1978a). Therefore, this 
resulted in a low number of denitrifiers when the concentrations of 
added O2  were higher than 10 to 15% additional O2  in the system.
In the closed system with limited concentrations of added O2 , the 
denitrifiers In the rhizoplane of rice growing in the (NH^^SO^ 
treated soil decreased whereas the denitrifiers in the rhizoplane of 
rice growing in the KNO2  treated soil increased with additional ©2 * 
However, the increase of denitrifiers in the rhizoplane of rice 
growing in the KNO2  treated soil may have resulted from the 
denitrification of added NO2  -N rather NO^ -N formed in the system. 
Since nitrite-reductase was synthesized at higher O2  concentrations in 
the presence of NC^ -N than was NO^ -reductase (Justin and Kelley, 
1978b).
Concentrations of C> 2 in the environment of the growing rice 
plants in the closed system with high concentrations of added 0^ 
correlated with the growth of rice plants grown in both the (NH^JjSO^ 
and KNO2  treated soils. Increasing concentrations of in the system
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Increased the dry matter weights of rice plant tops. Ammonium sulfate
treated soil produced significantly greater rice plant tops than did
the KNC> 2 treated soil.
Ammonium sulfate incubated in soils under both aerobic and
anaerobic conditions affected nitrification occurring in the soils.
In the aerobic condition, the nitrification of NH. -N increased with4
time of incubations. Rate of nitrification was greater in soils
containing high NH^+-N (50 mg NH^+-N kg  ̂ soil) than lower NH^ ~N (38
mg NH^+-N kg  ̂ soil) concentrations. The active rates of
nitrification in both soils were between 7 and 28 days of incubations.
Ammonium-nitrogen concentrations in both soils containing high and low
NH,+-N concentrations decreased with time of incubations. Rates of 4
Hh tNH^ -N losses were faster in soils containing high NH^ -N
concentrations. The NH^+-N losses in both soils were much higher
within the 28 days of incubation. These losses of NH^ -N correlated
significantly and negatively with the gains of NO^ -N produced in both
soils. The disappearance of most of the NH^+-N by the end of 28 days
of aerobic incubations in a soil containing low NH^+-N concentration
followed zero-order reaction kinetics whereas the disappearance of
most of the NH^+-N in a soil containing high NH^+-N concentration
followed first-order reaction kinetics.
In the anaerobic conditions, reductions of NO^ -N in the NH^ -N
treated soils was rapid regardless of the initial concentration of
+  —NH^ -N present in the soils. The disappearance of most NO^ -N in a
soil containing either high (50 mg NH^+-N kg  ̂ soil) or low (38 mg
+ -1 +NH^ -N kg soil) concentration of NH^ -N was apparent within 5 days
of incubation and followed zero-order reaction kinetics. Ammonium-
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nitrogen concentrations in both soils containing high (50 mg NH^+-N
—  1 +  —  1 +  kg soil) and low (38 mg NĤ . -N kg soil) concentrations of NH^ -N
concentrations increased during the first days of anaerobic
incubations and then decreased throughout the remainder of the
4*incubations. The increase in NH^ -N concentrations during the first
days of anaerobic incubations may have resulted from anaerobic
mineralization of organic N compounds to inorganic N forms (Tusneem
+and Patrick, 1971; Ponnamperuma, 1972). The losses of NH^ -N from 
soils under anaerobic incubation in this study may be attributable to 
the nitrification- denitrification process (IRR1, 1965; Reddy et al., 
1976).
+ -1Ammonium-nitrogen in soils with (50 mg NH^ -N kg soil) and 
without applied NH^+-N and with and without growing rice plants 
affected nitrification in the rice rhizoplane and soils under aerobic 
conditions at field capacity. Nitrate-nitrogen concentrations in the 
soil with applied NH^+-N were greater than in the soil without applied 
NH^+-N. In soils with and without applied NH^+-N, the NO^ -N 
concentrations were higher in the soil without rice plants than in the 
soil with rice plants. These may have resulted from the growing rice 
plants taking up much N0^ -N in the soils, or depressing rate of 
nitrification, or reducing NO^ -N by stimulating denitrification. 
Nitrate-nitrogen concentrations in both soils with and without applied 
NH^+-N and with and without growing rice plants were highest at the 
14-day period after transplanting rice plants. Nitrate-nitrogen 
concentration in the soil with applied NH^+-N positively correlated 
with the number of nitrifiers in the rhizoplane of rice growing in 
this soil. The activity of nitrifiers in the rice rhizoplane was
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proportional to the concentration of NO^ -N found in the NH^+-N
applied soil with growing rice plants. It was highest at the 14-day
period after transplanting rice plants and decreased thereafter.
+ — 1Ammonium-nitrogen concentrations in soils with (50 mg NH^ -N kg 
soil) and without applied NH^+-N under aerobic conditions and field 
capacity gradually decreased with time until they reached a low and 
constant concentration at the 35-day period after transplanting. The
4*NH^ -N concentrations in the experimental soils were correlated
significantly and negatively with the periods of rice plant growth and
with the dry weights of rice plant tops.
Nitrifying bacteria in the rhizoplane of rice plants grown in a
flooded soil were isolated and found that the nitrifiers (NH^ - and
NO2  -oxidizers) can survive in the rhizoplane of rice plants under
flooded conditions. This may have resulted because the rice plants
can transport atmospheric to the roots under flooded conditions.
Therefore, this 0^ supply was used for oxidations of NH^ -N and NC^ -N
+ —in the rice rhizoplane by the NH^ - and NO^ -oxidizers, respectively.
LITERATURE CITED
Aleem, M. I. H. and M. Alexander. 1960, Nutritional and Physiology 
of Nitrobacter agilis. Appl. Microbiol. 8: 80-84.
Alexander, M. 1965. Nitrification, p. 307-343. In W. V.
Batholomew and F. E. Clark (ed.) Soil nitrogen. Agronomy no. 10. 
Am. Soc. Agron., Madison, Wis.
Alexander, M. 1977. Introduction to soil microbiology. 2nd ed. John 
Wiley and Sons, New York.
Ardakani, M. S., R. K. Schulz, and A. D. McLaren. 1974, A kinetic 
study of ammonium and nitrate oxidation in a soil field plot.
Soil Sci. Soc. Am. Proc. 38: 273-277.
Ardakani, M. S., H. Fluchler, and A. D. McLaren. 1977. Rates of 
nitrite uptake with sudangrass and microbial reduction in a 
field. Soil Sci. Soc. Am. J. 41: 751-757.
Armstrong, W. 1967. The use of polarography in the assay of oxygen 
diffusing from roots in anaerobic media. Physiol. Plant. 20: 
540-553.
Armstrong, W. 1969. Rhizosphere oxidation in rice: An analysis of
intervarietal differences in oxygen flux from the roots.
Physiol. Plant. 22: 296-303.
Armstrong, W. 1970. Rhizosphere oxidation in rice and other species: 
A mathematical model based on the oxygen flux content. Physiol. 
Plant. 23: 623-630.
Arnold, P. W. 1954. Losses of nitrous oxide from soil. J. Soil Sci.
5: 116-128.
Avnimelech, Y. 1971. Nitrate transformation in peat. Soil Sci. Ill: 
113-118.
Avnimelech, Y., and A, Raveh. 1974. The control of nitrate
accumulation in soils by induced denitrification. Water. Res. 8: 
553-555.
Babiuk, L. A., and E. A. Paul. 1970. The use of fluorescein
isothiocyanate in the determination of the bacterial biomass of
grassland soil. Can. J. Microbiol. 16: 57-62.
Bailey, L. D. 1976. Effect of temperature and root on
denitrification in a soil. Can. J. Soil Sci. 56: 79-87.




Bhat, K. K. S., T. H. Flowers, and J. R. O'Callaghan. 1981, A model 
for the simulation of the fate of nitrogen in farm wastes on land 
application, p. 222-246. In J. C. Brogan (ed.) Nitrogen losses 
and surface run-off from land spreading of manures. Vol. 2. 
Martinus Nijhoff/Dr. W. Junk Publishers, The Hague, Boston, 
London.
Bhuiya, Z. H., and N. Walker. 1977. Autotrophic nitrifying bacteria 
in acid tea soils from Bangladesh and Sri Lanka. J. Appl. Bact. 
42: 253-257.
Birch, H. F. 1958. The effect of soil drying on humus decomposition
and nitrogen availability. Plant and Soil 10: 9-31.
Black, C. A. 1968. Soil-plant relationships. 2nd. ed. John Wiley
and Sons, Inc., New York.
Black, C. A., D. D. Evans, J. L. White, L. E. Ensminger, and F. E. 
Clark. 1965. Methods of soil analysis: Chemical and
microbiological properties. Agronomy no. 9, Part 2. Am. Soc. 
Agron., Madison, Wis.
Blackmer, A. M., and J. M. Bremner. 1976. Potential of soil as a
sink for atmospheric nitrous oxide. Geophys. Res. Lett.
3: 739-742.
Blackmer, A. M., and J. M. Bremner. 1978. Inhibitory effect of
nitrite on reduction of N„0 to N„ by soil microorganisms. Soil 
Biol. Blochem. 10: 187-191.
Bohn, H. L., B. L. McNeal, and G. A. O'Connor. 1979. Soil Chemistry. 
John Wiley and Sons, New York.
Bosatta, E., I. K. Iskandar, N. G. Juma, G. Kruh, J. 0. Reuss, K. K. 
Tanji, and J. A. van Veen. 1981. Soil micribiology. p. 38-44. 
In M, J. Frissel and J. A. van Veen (ed.) Simulation of nitrogen 
behavior of soil-plant systems. Centre Agric. Publ. 
Documentation, Wageningen.
Bowman, R. A., and D. D. Focht. 1974. The influence of glucose and
nitrate concentrations upon denitrification rates in sandy soils. 
Soil Biol. Biochem. 6: 297-301.
Bremner, J. M. 1956. Effect of storage on the biological activity of 
soil. Report Rothamstead Exp. Sta., pp. 52-53.
Bremner, J. M. 1978. Effects of soil processes on the atmospheric 
concentration of nitrous oxide. Critique of "Soil and other 
sources of nitrous oxide," C. C. Delwiche et al. p. 477-491. In 
D. R. Nielsen and J. G. MacDonald (ed.) Nitrogen in the 
environment: Soil-plant-nitrogen relationships. Vol. 1.
Academic Press, New York.
146
Bremner, J, M., and K. Shaw. 1958. Denitrification in soil. II. 
Factors affecting denitrification. J. Agric. Sci. 51: 40-52,
Bremner, J. M., and A. M. Blackmer. 1978. Nitrous oxide: Emissions
from soils during nitrification of fertilizer nitrogen. Science 
199: 295-296.
Broadbent, F. E., and F. Clark. 1965. Denitrification, p. 344-359. 
In W. V. Batholomew and F. E. Clark (ed.) Soil Nitrogen.
Agronomy no. 10. Am. Soc. Agron., Madison, Wis.
Broadbent, F. E., and M. E. Tusneem. 1971. Losses of nitrogen from 
some flooded soils in tracer experiments. Soil Sci. Soc. Am. 
Proc. 35: 922-926.
Buchanan, R. E., and N. E. Gibbons. 1974. Bergey's manual of
determinative bacteriology. 8th ed. Williams and Wilkins, 
Baltimore.
Bundy, L. G., and J. M. Bremner. 1974. Effect of nitrification
Inhibitors on transformation of urea nitrogen in soils. Soil 
Biol. Biochem. 6: 369-376.
Burford, J. R., R. J. Dowdel, and J. M. Lynch. 1978. Denitrification 
in British soils: Critique of "Relationships among microbial
populations and rates of nitrification and denitrification in a 
Handford soil," P. R. Day et al. p. 365-377. In D. R. Nielson 
and J. G. MacDonald (ed.) Nitrogen in the environment: 
Soil-plant-nitrogen relationships. Vol. 2. Academic Press, New 
York.
Cady, F. B., and W. V. Batholomew. 1961. Influence of low pC^ on
denitrification processes and products. Soil Sci. Soc. Am. Proc. 
25: 362-365.
Calder, K., K. A. Burke, and J. Lascelles. 1980. Induction of 
nitrate reductase and membrane cytochromes in wild type and 
chlorate-resistant Paracoccus denitrifleans. Arch. Microbiol. 
126: 149-153.
Conway, V. M. 1940. Aeration and plant growth in wet soils. Bot.
Rev. 6(4): 149-163.
Cornfield, A. H, 1952. The mineralization of the nitrogen of soil
during incubation: Influence of pH, total nitrogen, and organic 
carbon contents. J. Sci. Food. Agric. 3: 343-349.
Currie, J. A. 1961, Gaseous diffusion in the aeration of aggregated
soils. Soil Sci. 92: 40-45.
Currie, J. A. 1962. The importance of aeration in providing the
right conditions for plant growth. J. Sci. Food Agric. 13:
380-385.
147
Dancer, W. S., L. A. Perterson, and A. Chesters. 1973.
Ammonification and nitrification of N as influenced by soil pH 
and previous N treatments. Soil Sci. Soc. Am. Proc. 37: 67-69.
Day, P. R., H. E. Doner, and A. D. McLaren. 1978. Relationships 
among microbial populations and rates of nitrification and 
denitrification in a Hanford soil. p. 305-363. In D. R. Nielsen 
and J. G. MacDonald (ed.) Nitrogen in the environment: 
Soll-plant-nitrogen relationships. Vol. 2. Academic Press, New 
York.
Delwiche, C. C. 1970. The nitrogen cycle. Scientific American.
223: 137-146.
Doner, H. E,, M. G. Volz, and A. D. McLaren. 1974. Column studies of 
denitrification in soil. Soil Biol. Biochem. 6: 341-346.
Duisberg, P. C., and T. F. Buchrer. 1960. Effect of ammonia and its
oxidation products on the rate of nitrification and plant growth. 
Soil Sci. 78: 37-49.
Dunigan, E. P., and R. D. DeLaune. 1977. Vertical distribution of 
some microorganisms in a flooded soil. Louisiana Academy of 
Science 40: 9-11.
Egmond, F. V. 1978. Nitrogen nutritional aspects of the ionic
balance of plants. Critique of "Absorption and utilization of 
ammonium nitrogen by plants," H. M. Reisenauer. p. 171-189. In
D. R. Nielsen and T. G. MacDonald (ed.) Nitrogen in the
environment: Soil-plant-nitrogen relationships. Vol. 2.
Academic Press, New York.
Eno, C. F., and H. W. Ford. 1958. Distribution of microorganisms,
nitrate production and nutrients in the profile of Lakeland fine 
sand and related soils. Soil Crops Sci. Soc. Fla. Proc. 18: 
88-96.
Erh, K. T., D. E. Elrick, R. L. Thomas, and C. T. Corke. 1967.
Dynamics of nitrification in soils using miscible displacement 
technique. Soil. Sci. Soc. Am. Proc. 31: 585-591.
Firestone, M. K., M. S. Smith, R. B. Firestone, and T. M. Tiedje.
1979. The influences of nitrate, nitrite, and oxygen on the 
composition of the gaseous products of denitrification in soil. 
Soil Sci. Soc. Am. J. 43: 1140-1144.
Firestone, M. K. 1982. Biological denitrification, p. 289-326. In 
F. J. Stevenson (ed.) Nitrogen in agricultural soils. Agronomy 
no. 22. ASA-CSSA-SSSA., Madison, Wis.
Focht, D. D. 1974. The effect of temperature, pH and aeration on the 
production of nitrous oxide and gaseous nitrogen - a zero order 
kinetic model. Soil Sci. 118: 173-179.
148
Focht, D. D., and W. Verstraete. 1977. Biochemical ecology of
nitrification and denitrification, p. 135-214. In M. Alexander 
(ed.) Advances in microbial ecology. Vol. 1. Plenum Press, New 
York.
Focht, D. D., and L. H. Stolzy. 1978.1 ,-Long-term denitrification
studies in soil fertilized with ( NH,)„SO, . Soil Sci. Soc. Am. 
J. 42: 894-898.
Fraps, G. S., and A. J. Sterges. 1932. Causes of low nitrification 
capacity of certain soils. Soil Sci. 34: 353-363.
Frederick, L. R. 1956. The formation of nitrate from ammonium
nitrogen in soils: Effects of temperature. Soil Sci. Soc. Am.
Proc. 20: 496-500.
Freney, J. R., 0. T. Denmead, and J. R. Simpson. 1978. Soil as a 
source or sink for atmospheric nitrous oxide. Nature 273: 
530-532,
Galworthy, A. H., J. R. Burford, and D. J. Greenland. 1978.
Modelling of rates of nitrification and denitrification in soil.
Critique of "Relationships among microbial populations and rates 
of nitrification and denitrification in a Hanford soil," P. R. 
Day et al. p. 379-392. In D. R. Nielsen and J. G. MacDonald 
(ed.) Nitrogen in the environment: Soil-plant-nitrogen
relationships. Vol. 2. Academic Press, New York.
Gambrell, R. P., J. W. Gilliam, and S. B. Weed. 1975.
Denitrification in subsoils of North Carolina Coastal Plain as 
affected by soil drainage. J. Environ. Qual. 4: 311-316.
Garbosky, A. J., and N. Giambiagi. 1962. The survival of nitrifying
bacteria in the soil. Plant and Soil 17(2): 271-278.
Garcia, J. L. 1974. Reduction de 1' oxyde nitreux dans les soils de
rizieres du Senegal: Mesure de 1' activite denitrifiante. Soil
Biol. Biochem. 6: 79-84.
Garcia, J. L. 1975. Effect rhizosphere du riz sur la
denitrification. Soil Biol. Biochem. 7: 139-141.
Gibbs, M,, and J. A. Schiff. 1960. Chemosynthesis: The energy
relations of chemoautotrophic organisms, p. 273-319. In F. C. 
Steward (ed.) Plant Physiology. Vol. 1(B). Academic Press, New 
York.
Greenland, D. J. 1958, Nitrate fluctuations in tropical soils. J. 
Agric. Sci. 50: 82-92.
Greenland, D. J. 1962. Denitrification in some tropical soils. J. 
Agric. Sci. 58: 227-233.
149
Greenwood, D. J, 1962. Nitrification and nitrate dissimilation in 
soil. I. Method of studying nitrate dissimilation. Plant and 
Soil. 17: 365-377.
Greenwood, D. J. 1963. Nitrogen transformations and the distribution 
of oxygen in soil: Sir Gilbert Morgan Medal Award Lecture.
Chem. Ind. pp. 799-803.
Hardy, R. W. F.» R. D. Holsten, E. K. Jackson, and R. C. Burns. 1968. 
The actylene-ethylene assay for N„ fixation: Laboratory and
field evaluation. Plant Physiol. 43: 1185-1207.
Hauck, R. D. 1972. Synthetic slow-release fertilizers and fertilizer 
amendments, p. 633-690. In C. A. I. Goring and J. W. Hamaker 
(ed.) Organic chemicals in the soil environment. Vol. 2. Marcel 
Dekker, Inc., New York.
Hiatt, A. J. 1978. Absorption and utilization of ammonium nitrogen 
by plants. Critique of H. M. Reisenauer. p. 191-199. In D. R. 
Nielsen and J. G. MacDonald (ed.) Nitrogen in the environment: 
Soil-plant-nitrogen relationships. Vol. 2. Academic Press, New 
York.
Hutchinson, G. L., and A. R. Mosier. 1979. Nitrous oxide emissions 
from an irrigated cornfield. Science 205: 1125-1127.
IRRI. 1964. Soil Microbiology. Annual Report, pp. 241-256.
IRRI. 1965. Soil Microbiology. Annual Report, pp. 167-182.
Jansson, S. L., and F. E. Clark. 1952. Losses of nitrogen during
decomposition of plant material in the presence of inorganic 
nitrogen. Soil Sci. Soc. Proc. 16: 330-334.
Jenkinson, D. S., and D. S. Powlson. 1976. The effects of the
biocidal treatments on metabolism in soil. V. A method for 
measuring soil biomass. Soil Biol. Biochem. 8: 209-213.
Justin, P., and D. P. Kelley. 1978a. Growth kinetics of Thiobacillus 
denitrificans in anaerobic and aerobic chemostat culture. J.
Gen. Microbiol. 107: 123-130.
Justin, P., and D. P. Kelley. 1978b. Metabolic changes in
Thiobacillus denitrificans accompanying the transition from 
aerobic to anaerobic growth in continuous chemostat culture. J. 
Gen. Microbiol. 107: 131-137.
Katznelson, H. 1946. The rhizosphere effect of mangels on certain 
groups of soil microorganisms. Soil Science 62: 343-354.
Kohl, D. H., F. Vithayathll, P. Whitlow, G. Shearer, and S. H. Chien. 
1976, Denitrification kinetics in soil systems: The
significance of good fits to mathematical forms. Soil Sci. Soc. 
Am. Proc. 40: 249-253.
150
Kruh, G., and E. Segall. 1981. Nitrogen dynamics in soil. p.
109-125. In M. J. Frissel and J. A. van Veen (eds.) Simulation 
of nitrogen behavior of soil-plant systems. Centre Agric. Publ. 
Documentation, Wageningen.
Larkin, J. M. 1975. A laboratory manual for microbiology. Louisiana 
State University. Kendall/Hunt Publ. Co., Iowa.
McCants, C. B., E. 0. Skogley, and W. G. Woltz. 1959. Influence of 
certain soil fumigation treatments on the response of tobacco to 
ammonium and nitrate forms of nitrogen. Soil Sci. Soc. Am. Proc. 
23: 466-469.
McKenney, D. J., K. F. Shuttleworth, and W. I. Findlay. 1980.
Nitrous oxide evolution rates from fertilized soil: Effect of 
applied nitrogen. Can. J. Soil Sci. 60: 429-438.
McLaren, A. D. 1969. Steady state studies of nitrification in soil: 
Theoretical considerations. Soil Sci. Soc. Am. Proc. 33:
273-275.
Meek, B. D., and A. J. Mackenzie. 1965. The effect of nitrite and 
organic matter on aerobic gaseous losses of nitrogen from a 
calcareous soil. Soil Sci. Soc. Am, Proc. 29: 176-178.
Misra, C., D. R. Nielsen, and J. W. Biggar. 1974a. Nitrogen
transformations in soil during leaching: II. Steady state
nitrification and nitrate reduction. Soil Sci. Soc. Am. Proc.
38: 294-299.
Misra, C., D. R. Nielsen, and J. W. Biggar. 1974b. Nitrogen
transformations in soil during leaching: III. Nitrate reduction 
in soil columns. Soil Sci. Soc. Am. Proc. 38: 300-304.
Mitsui, S., and K. Tensho. 1952. Dynamics studies and the nutrients 
uptake by crop plants. Part 3. The reducing power of the roots 
of growing plants as revealed by nitrate formation in nutrient 
solution. J. Sci. Soil Manure, Japan 22: 301-307.
Moore, D. R. E., and J. S. Waid. 1971. The influences of washings of 
living roots on nitrification. Soil Biol. Biochem. 3: 69-83.
Morrill, L. G. 1959. An explanation of nitrification patterns
observed when soils are perfused with ammonium sulfate. Diss. 
Abstr. 20: 3005.
Morrill, L. G., and J. E. Dawson. 1962. Growth rates of nitrifying 
chemoautotrophs in soil. J. Bacteriol. 83: 205-206.
Morrill, L. G., and J. E. Dawson. 1967. Patterns observed for the 
oxidation of ammonium to nitrite by soil organisms. Soil Sci.
Am. Proc. 31: 727-760.
Myers, R. J. K. 1975. Temperature effects on ammonifraction and
nitrifraction in a tropical soil. Soil Bio. Biochem. 7:83-86.
Nelson, D. W. 1982. Gaseous losses of nitrogen other than through 
denitrification, p. 327-363. In F, J. Stevenson (ed.) Nitrogen 
in agricultural soils. Agronomy no. 22. ASA-CSSA-SSSA., Madison 
Wis.
Nishimura, Y.t T. Kamihara, and S. Fukui. 1980. Diverse effects of 
formate on the dissimilatory mechanism of nitrate in Pseudomonas 
denitrificans ATCC 13867: Growth, nitrate assimilation in 
culture, cellular activities of nitrate and nitrite reductases. 
Arch. Microbiol. 124: 191-195.
Normick, H. 1956. Investigations on denitrification in soil. Acta 
Agriculture Scandinavica 6: 195-228.
Patrick, W. H., Jr. 1960. Nitrate reduction rates in a submerged
soil as affected by redox potential. Int. Congr. Soil Sci.,
Trans, 7th, Madison, Wis. II: 494-500.
Patrick, W. H., Jr. 1982. Nitrogen transformation in submerged
soils, p. 449-465. In F. J. Stevenson (ed.) Nitrogen in 
agricultural soils. Agronomy no. 22. ASA-CSSA-SSSA., Madison, 
Wis.
Patrick, W. H., Jr., and M. B. Sturgis. 1955. Concentration and 
movement of oxygen as related to absorption of ammonium and 
nitrate nitrogen by rice. Soil Sci. Soc. Am. Proc. 19(1): 59-62
Patrick, W. H., Jr., and M. E. Tusneem. 1972. Nitrogen loss from 
flooded soil. Ecology 53: 735-737.
Patrick, W. H., Jr., and S. Gotoh. 1974. The role of oxygen in 
nitrogen loss from flooded soils. Soil Sci. 118: 78-81.
Patrick, W. H., Jr., and K. R. Reddy. 1976. Nitrification-
denitrification reactions in flooded soils and water bottoms: 
Dependence on oxygen supply and ammonium diffusion. J. Environ. 
Qual. 5(4): 469-472.
Patrick, W. H., Jr., R. D. Delaune, R. M. Engler, and S. Gotoh. 1976 
Nitrate removal from water at the water-mud Interface in 
wetlands. Report to the U.S. Environmental Protection Agency, 
April 1976. Office of Research and Development, Corvallis 
Environmental Research Laboratory, Corvallis, Oregon.
Paul, E. A., and R. J. K. Mayers. 1971. Effect of soil moisture
stress on uptake and recovery of tagged nitrogen by wheat. Can. 
J. Soil Sci. 51: 37-43.
Payne, W. J. 1973. Reduction of nitrogenous oxides by 
microorganisms. Bacteriol. Rev. 37: 409-452.
152
Phillips, R, E., K. R. Reddy, and W. H. Patrick, Jr. 1978. The role 
of nitrate diffusion in determining the order and rate of 
denitrification in flooded soil: II. Theoretical analysis and
interpretation. Soil Sci. Soc. Am. J. 42: 272-278.
Pilot, L,, and W, H. Patrick, Jr. 1972. Nitrate reduction in soils: 
Effect of soil moisture tension. Soil Sci. 114: 312-316.
Ponnamperuma, F. N. 1972. The chemistry of submerged soils, p. 
29-96. In A. G. Norman (ed.) Advances in agronomy. Vol. 24. 
Academic Press, New York.
Porter, L. K. 1975. Nitrogen transfer in ecosystems, p. 1-30. In
E. A. Paul and A. D. McLaren (ed.) Soil biochemistry. Vol. 4. 
Marcell Dekker, Inc. New York.
Premi, R. R., and A. H. Cornfield. 1969. Incubation study of
nitrification of digested sewage sludge added to soil. Soil 
Biol. Biochem. 1: 1-4.
Raimbault, M., G. Rinaudo, J. L. Garcia, and M. Boureau. 1977.
Advice to study metabolic gases in the rice rhizosphere. Soil 
Biol. Biochem. 9: 193-196.
Rao, G. G., and N, R. Dhar. 1931. Photosensitized oxidation of
ammonia and ammonium salt and problem of nitrification in soils. 
Soil Sci. 31: 379-384.
Reddy, K. R., and W. H. Patrick, Jr. 1975. Effect of alternate 
aerobic and anaerobic conditions on redox ptoential, organic 
matter decomposition and nitrogen loss in a flooded soil. Soil 
Biol. Biochem. 7: 87-94.
Reddy, K. R., W. H. Patrick, Jr., and R. E. Phillips. 1976. Ammonium 
diffusion as a factor in nitrogen loss from flooded soils. Soil 
Sci. Soc. Am. J. 40(4): 528-533.
Reddy, K.. R. , W. H. Patrick, Jr., and R. E. Phillips. 1978. The role 
of nitrate diffusion in determining the order and rate of 
denitrification in flooded soils: I. Experimental results. Soil
Sci. Soc. Am. J. 42: 268-272.
Reisenauer, H. M. 1978. Absorption and utilization of ammonium 
nitrogen by plants, p. 157-170. In D. R. Nielsen and J. G, 
MacDonald (ed.) Nitrogen in the environment: Soil-plant-nitrogen 
relationships. Vol. 2., Academic Press, New York.
Russell, E. W. 1973. Soil conditions and plant growth. 10th ed. 
Longman, London and New York.
Sabey, B. R., W. V. Batholomew, R. Shaw, and J. Pesek. 1956.
Influence of temperature on nitrification in soils. Soil Sci. 
Soc. Am. Proc. 20: 357-360.
153
Sato, K. 1952. Some observation on the consumption of oxygen by rice 
root grown in water culture. Crop Sci. Soc. Japan Proc. 21: 
16-17.
Schmidt, E. L. 1982. Nitrification in soil. p. 253-288, In F. J. 
Stevenson (ed.) Nitrogen in agricultural soils. Agronomy no. 22. 
ASA-CSSA-SSSA., Madison, Wis.
Sherr, B. T., and W. J. Payne. 1978. Effect of Spartina alterniflora 
root-rhizome system on salt marsh soil denitrifying bacteria. 
Appl. Environ. Microbiol. 35: 724-729.
Sifton, H. B. 1945. Air-space tissue in plants. Bot. Rev. 11: 
108-143.
Sims, C. M., and F. M. Collins. 1960. The number and distribution of 
ammonia-oxidizing bacteria in some Northern Territory and South 
Australia soils. Austr. J. Agr. Research 11: 505-512.
Singh, B. N., and K. M. Nair. 1939. Is sunlight a factor in nitrogen 
transformation in soil. Soil Sci. 47: 285-291.
Skerman, V. B. D. 1967. A guide to the identification of the genera 
of bacteria: With methods and digests of generic characteristics. 
Williams and Wilkins Co., Baltimore.
Smith, K. A. 1981. A model of denitrification in the aggregated 
soils, p. 259-266. In M. J, Frissel and J. A. van Veen (ed.) 
Simulation of nitrogen behavior of soil-plant systems. Purdoc,
Centre Agric. Publ. Documentation, Wageningen.
Smith, M. S., and J. M. Tiedje. 1979a. The effects of roots on soil 
denitrification. Soil Sci. Soc. Am. J. 43: 951-955.
Smith, M. S., and J. M. Tiedje. 1979b. Phase of denitrification 
following oxygen depletion in soil. Soil Biol. Biochem. 11: 
261-267.
Smith, C. J., and P. M. Chalk. 1980a. Gaseous nitrogen evolution 
during nitrification of ammonia fertilizer and nitrate 
transformations in soils. Soil Sci. Soc. Am. J. 44: 277-282.
Smith, C. J., and P. M. Chalk. 1980b. Fixation and loss of nitrogen 
during transformation of nitrate in soils. Soil Sci. Soc. Am. J. 
44: 288-291.
Smith, M. S., M. K. Firestone, and J. M. Tiedje. 1978. The acetylene
inhibition method for short-term measurement of soil 
denltriflcatlon and its evolution using nitrogen-13. Soil Sci. 
Soc. Am. J. 42: 611-615.
Soulides, D. A., and F, E. Clark. 1958. Nitrification in grassland 
soils. Soil Sci. Soc. Am. Proc. 22: 308-311.
154
Stanford, G., S. Dzienia, and R. A. Vandor Pol. 1975a. Effect of
temperature on denitrification role in soils. Soil Sci. Soc. Am. 
Proc. 39: 867-870.
Standford, G., R. A. Vandor Pol, and S. Dzienia. 1975b. Potential
denitrification rates in relation to total and extractable soil 
carbon. Soil Sci. Soc. Am. Proc. 39: 284-289.
Starr, J. L., and J. Y. Parlange. 1975. Nonlinear denitrification
kinetics with continuous flow in soil columns. Soil Sci. Soc.
Am. Proc. 29: 875-880.
Starr, J. L., F, E. Broadbent, and D. R. Nielsen. 1974. Nitrogen
transformation during continuous leaching. Soil Sci. Soc. Am. 
Proc. 38: 283-289.
Steen, W. C., and B. J. Stojanovic. 1971. Nitric oxide
volatilization from a calcareous soil and model aqueous 
solutions. Soil Sci. Soc. Am. Proc. 35: 277-282.
Stefanson, R. C. 1972. Soil denitrification in sealed soil-plant 
systems. I. Effect of plants, soil water content and soil 
organic matter content. Plant and Soil 37: 113-127.
Stefanson, R. C., and D. J. Greenland. 1970. Measurement of nitrogen 
and nitrous oxide evolution from the soil-plant systems using 
sealed growth chambers. Soil Sci. 109: 203-206.
Stiven, G. 1952. Production of antibiotic substances by the roots 
of grass (Trachypogon plumosus (H.B.K.) Ness) and of Pentanisia 
variabilis (E. Mey) Harv (Rubiaceae). Nature 170: 712-713.
Swain, H. M., H. J. Somerville, and J. A. Cole. 1978.
Denitrification during growth of Pseudomonas aeruginosa on 
octane. J. Gen. Microbiol. 107: 103-112,
Tamhane, R. V., D. P. Motiramoni, T. P. Bali, and R. L. Donahue.
1966. Soil: Their chemistry and fertility in Tropical Asia.
XII. Biological properties of soil. Prentice-Hall of India 
Private Limited, New Delhi.
Theron, J. J. 1951. The influence of plants on the mineralization of 
nitrogen and the maintainance of organic matter in the soil. J. 
Agric. Sci. 41: 289-296.
Timonin, M. I., and R. H. Thexton. 1950a. The rhizosphere effect of 
onion and garlic on soil microflora. Soil Sci. Soc. Am. Proc.
15: 186-189.
Tusneera, M. E., and W. H. Patrick, Jr. 1971. Nitrogen transformation 
in waterlogged soil. Agric. Exp. Stn. Bull. 657: 75. Louisiana 
State Univ., Baton Rouge, La.
155
Tyler, K. B., F. E. Broadbent, and G. N. Hill. 1959. Low-temperature 
effects on nitrification in four California soils. Soil Sci.
87: 123-129.
Van Cleemput, 0., W. H. Patrick, Jr., and R. C. Mcllhenny. 1975.
Formation of chemical and biological denitrification products in 
flooded soil at controlled pH and redox potential. Soil Biol. 
Biochem. 7: 329-332.
Van Cleemput, 0., W. H. Patrick, Jr., and R. C. Mcllhenny. 1976. 
Nitrite decomposition in flooded soil under different pH and 
redox potential conditions. Soil Sci. Soc. Am. J. 40: 55-60.
Vine, H. 1962. Some measurement of release and fixation of nitrogen 
in soil of natural structure. Plant and Soil. 17: 109-130.
Volz, M. G., M. S. Ardakani, R, K. Schulz, L. H. Stolzy, and A, D.
McLaren. 1976. Soil nitrate loss during irrigation: Enhancement 
by plant roots. Agron. J. 68: 621-627.
Wagner, G. H., and G. E. Smith. 1958. Nitrogen losses from soils 
fertilized with different nitrogen fertilizers in soil. I.
Effect of nitrification. Plant and Soil. 36: 159-175.
Walker, N., and K, N. Wickramasinghe. 1979. Nitrification and
autotrophic nitrifying bacteria in acid tea soils. Soil Biol. 
Biochem. 11: 231-236.
Walker, R. H., D, W. Thorne, and P. E. Brown. 1937. The numbers of 
ammonium-oxidizing organisms in soils as influenced by soil 
management practices. J. Am. Soc, Agron. 29: 854-864.
Weber, D. S., and P. L. Gainey. 1962. Relative sensitivity of
nitrifying organisms to hydrogen ions in soils and solutions.
Soil Sci. 94: 138-145.
Wilson, J. K. 1928. The number of ammonium-oxidizing organisms in 
soils. Proc. Paper First Internat. Congr. Soil Sci., Comm. 3: 
14-22.
Woldendorp, J. W. 1962. The quantitative influence of the
rhizosphere on denitrification. Plant and Soil 17(2): 267-270.
Woldendorp, J. W. 1968. Losses of soil nitrogen. Stikstof. Dutch 
Nitrogeneous Fertilizer Review 12: 32-46.
Woldendorp, J. W., K. Lilz, and G. T. Kolenbrander. 1966. The fate
of fertilizer nitrogen on permanent grassland soils. Europ. 
Grassland Fed. 1st Gen. Mtg. Proc., pp. 53-76.
Yoshida, T., and R. R. Ancajas. 1971. Nitrogen fixation by bacteria 
in the root zone of rice. Soil Sci. Soc. Am. Proc. 35: 156-158.
156
Yoshida, T., and B. C. Padre, Jr. 1974. Nitrification and
denitrification in submerged Maahas clay soil. Soil Sci. Plant 
Nutr. 20(3): 241-247.
Xumft, W. G, and J. M Vega. 1979. Reduction of nitrate to nitrous 
oxide by a cytoplasmic membrane fraction from the marine 
denitrifiers Pseudomonas perfectomarinus. Biochem. Biophys. Acta 
548: 484-499.
VITA
Chayong Nammuang was born on January 28, 1940 in Samutprakarn 
Province, Central Region of Thailand. His primary education began 
there and was later continued in Bangkok, the capital of Thailand.
His secondary and high school educations were received in Bangkok, He 
graduated from high school in April 1957 receiving a certificate in 
General Science.
He received a Bachelor of Science degree in Soil Science from 
Kasetsart University, Bangkok, Thailand in June, 1962. Upon 
graduation, he was employed as a research officer working on rice 
production and soil fertility for the Department of Rice, now the 
Department of Agriculture, Ministry of Agriculture and Cooperatives, 
Thailand.
In September, 1969, he obtained a FAO/UNDP-SF scholarship to 
further his studies towards an M.S. degree at the University of 
Arkansas, Fayetteville, Arkansas, U.S.A. He later received a Master 
of Science degree in Soil Science from the University of Arkansas in 
June, 1971. He then resumed his duties as research officer in the 
Department of Agriculture, Bangkok, Thailand.
While serving as a research officer, he was invited to 
participate in several domestic and international meetings and 
seminars in rice and soil research. For example, he visited the 
Republic of China (Taiwan) for a study-tour in Irrigation and Water 
Uses in Agriculture in May, 1965. He presented a paper titled 
"Maintaining Rice Production in the Face of Shortage of Chemical 
Fertilizer in Thailand" at the International Seminar on Maintaining
157
158
Rice Production in the Face of Shortage of Chemical Fertilizer, ASPAC 
Food and Fertilizer Technology Center, Taipei, Republic of China 
(Taiwan), April 23-30, 1975. He presented a paper titled "Fertilizer 
Trials with Photoperiod-Sensitive and -Insensitive Transplant Rice in 
Thailand" at the International Seminar on Photoperiod-Sensitive 
Transplant Rice of South and Southeast Asia, BRRI, Dacca, Bangladesh, 
October 24-28, 1977. He visited Japan for a study-tour in Crop 
Science at the University of Tokyo, Tokyo University of Agriculture 
(Nodai Research Institute), Kyoto University, Kyushu University, and 
Tropical Agriculture Research Center in November to December, 1979.
He also presented a seminar entitled "Photoperiod-Sensitive and 
-Insensitive Rice Growth and Yields as Affected by Climatic Conditions 
and Seasons of the Years in Thailand" at the Laboratory of Crop 
Science, University of Tokyo during the study-tour.
In August, 1980, he obtained a scholarship from Louisiana 
Methodist World Hunger Scholarship Program to persue his graduate 
studies leading to a Ph.D. degree at Louisiana State University, Baton 
Rouge, Louisiana, U.S.A. He was granted study leave from Thailand 
Department of Agriculture and is presently a candidate for the Doctor 
of Philosophy degree in the Department of Agronomy at Louisiana State 
University with a minor in microbiology. He is also a member of Gamma 
Sigma Delta.
Following graduation, he will resume his duties in rice 
production and soil fertility research in Thailand.
Candidate:
Major Field: 
T itle  of Thesis:
EXAMINATION AND THESIS REPORT
Chayong Nammuang 
Agronomy
Nitrification at the Rice Root
Approved:
£&&JOiudL
Major Professor and dUairman 
Dean of the G raduate SchCol
EXAMINING COM M ITTEE:
Date of Examination: 
April 5, 1983
